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The PhD thesis herein described has been funded with a Marie Skłodowska-Curie 
Actions (MSCAs) award. MSCAs were established in 1996 by the European Commission as 
tools to fund research in the European Research Area (ERA).1 MSCAs offer fellowships for 
all phases of researchers' careers (PhDs or early stage researchers), encouraging 
international, interdisciplinary and intersectoral mobility. Through MSCAs, different 
organizations (universities, companies as well as academic and non-academic research 
centres) can host brilliant foreign researcher (who has lived less than 12 months in the 
hosting country in the last 3 years before starting the action), creating networking and 
partnerships with the principal institutions in the EU and all over the World. The Actions 
responds to innovative and actual challenges of the modern World in different fields 
(from natural science to history and marketing), being among the highest attractive grants 
in Europe. Since 1996, more than 100,000 researchers have been awarded with a MSCAs 
fellowship.2 
MSCAs are dedicated to Marie Skłodowska-Curie, one of the most talented 
scientist of Europe. Born in Warsaw (Poland) as Maria Skłodowska on the 7th of November 
1867 from a married couple of teachers, Maria proved to be an enthusiastic kid and was 
an excellent student at school. She loved learning and studying. Lamentably, women 
weren’t allowed to attend University at that time in Poland. Therefore, Maria decided to 
study abroad, but she needed money. In 1885 she made a deal with her sister Bronya. 
Maria would have worked to help paying Bronya’s medical studies. In turn, when Bronya 
was a doctor, she would have paid for Maria’s education. After six years working as 
governess, and after Bronya got her degree, in 1891 Marie (as she signed herself at the 
registration at the University) became a student at the Sorbonne University in Paris, being 
one of the 23 women of around 1,800 total undergraduates. In 1893 she obtained a 
degree in Physics and just after one year she got a degree also in Maths. In 1894 she met 
Pierre Curie, a scientist and college professor and she married him one year later. In 1897 
Marie Curie gave birth to Irene, her first daughter, and in the same year she started 
studying uranium, coining the term “radioactive” to define any substance “giving off” or 
“spreading” rays. She also started studying a mineral named “pitchblende”, which she 
found to be much more radioactive than pure uranium. In 1898 Marie and Pierre isolated 
polonium, but still they were sure that there was another radioactive element in 
pitchblende. In fact, in 1902 they isolated radium. In 1903 Marie and Pierre Curie received 
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together the Nobel Prize for Physics. A few months later, in 1904, Marie Curie gave birth 
to her second daughter, Eve. A couple of years later, Pierre died in an accident. Despite 
the shock for her loss, Marie continued working and studying. As a result, Marie Curie was 
awarded with the Nobel Prize for Chemistry in 1911, being the first person, and the only 
woman, awarded with two Nobel prizes (followed by only other three persons, up to 
date). In her last decade of life, her health was rapidly failing due to the exposition to 
radiations (still not known to be harming) and she was diagnosed with leukaemia. Marie 
Skłodowska-Curie died on the 4th of July 1934, at the age of 66.3 
The PhD thesis here described has been elaborated as outcome of one of the 
fifteen individual projects belonging to the MSCA EU-H2020 COSMIC, the European 
Training Network (ETN) for Continuous Sonication and Microwave Reactors (Grant 
Agreement No 721290).4 More in details, the COSMIC Project, a four years project started 
in October 2016, aimed to provide support and trainings to the chemical industry in the 
transition from batch to intensified processes. This transition has been proved to be 
essential in order to stop the decline of the European share of the global chemical market 
(from ~31 % in 1996 to ~15 % in 2015) and the employment of the EU citizens in this sector 
(collapsed from 1.60 million in 1996 to 1.15 million in 2013).5, 6 
The intensification of the chemical processes, though the development of 
competitive technologies, could in fact overpass the lower-labour-cost markets in the 
emerging global economies (e.g., Asia and the Near East), and give a boost to the EU 
chemicals production.7 Remarkably, nowadays the technologies in the chemical sector 
tend to be batch-type, combined with mechanical mixing and conduction-based heat 
transfer, inherently leading to serious drawbacks including: excessive energy 
consumption (limiting the heat transfer into the reactor as well as the mass transfer of 
undesired by-products from the bulk and the consumption of excessive amounts of 
energy); variable product quality (influencing the rate and the yield of the chemical 
reactions and leading to increased by-product formation and/or reductions in selectivity); 
limited scale-up; poor efficiency; high emissions and limited flexibility.8 Furthermore, the 
operations with large volumes requires extra unit processes that must be scaled 
throughout the entire plant assembly, resulting in a huge land-usage footprint and 
increased emissions of waste heat, greenhouse gases and volatile organic compounds 
(VOCs, mostly due to purification and cleaning operations).9 
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The propose of COSMIC consisted in the development of innovative processes 
bringing together three advanced areas in the field of process technology: flow chemistry, 
millifluidics and alternative energy sources, i.e. microwaves (MWs) and ultrasounds (US). 
Ultrasound and microwaves have been chosen as the alternative energy sources due to 
their different, but complementary, actions: while US affects mass transfer and mixing, 
microwaves affect heat transfer.10 These non-conventional, non-contact energy sources 
create the possibility for new process as a result of the additional actuation of the 
chemical reactions via intensified mass and heat transfer, mixing and/or reaction 
activation. Some examples include the use of ultrasound to prevent clogging where the 
chemistry involves solids,11 as well as the use of microwaves to focus on the heat transfer 
on metal-containing catalytic particles.12 In the past decade, these alternative energy 
sources have been pointed as key methods with the potential to intensify chemicals 
synthesis in terms of energy and resource efficiency.13-16 However, despite their great 
potential, only a few relevant applications (in term of possible industrial applicability) 
have been demonstrated so far.17-20 COSMIC focused on the synthesis of organic 
molecules and nanoparticles for use in organic synthesis, catalyst preparation and health 
applications, through microwave and ultrasound assisted techniques, aiming to the 
potential industrial applicability. A truly innovative challenge in the field. The PhD thesis 
here presented specifically aimed at the application of microwaves to the synthesis of 
heterogeneous catalysts and particles in the size range of nanometres. Remarkably, some 
of the prepared catalysts were used by other researchers in the network of COSMIC. 
Specifically, the nanocatalsyts were also employed in organic synthesis reactions carried 
out using ultrasound and microwaves, in both batch and flow conditions. 
The COSMIC Project brought together a networking of institutes from seven EU 
countries, including seven Universities and four companies. Specifically, KU Leuven 
(Belgium), the UCL (London), the University of Turin (Italy), the University of Cordoba 
(Spain), the University of Zaragoza (Spain), the University of Göttingen (Germany) and the 
Universitat Politècnica de València (Spain) were the involved academic institues. Arkema 
(France), Weber Ultrasonics (Belgium) Microinnova Gmbh (Austria) and MEAM (Belgium) 
were the involved companies. A total of fifteen high-potential ESRs (Early Stage 
Researchers) of eight different nationalities were trained during COSMIC ETN, developing 
fifteen different projects. 
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A glance at the PhD Project 
 
 The PhD thesis here presented focuses on the development of novel methods 
for the preparation of nanodimensional catalysts through microwave irradiation in batch 
conditions. While the utilization of microwaves responded to the necessity of the process 
intensification in the chemical industry, the nanocatalysts were selected due to their 
unique heterogeneous-homogeneous characteristics.  
According to Colin Ramshaw, Process intensification (PI) is definable as a 
methodology for making significant reductions in equipment size, energy consumption 
and waste generation while increasing cleanness and safety of a given production goal.1, 2 
Furthermore, PI decreases the manufacturing costs, therefore enhancing, due to lower 
production expenses, the market attractivity of the final products.3-6 As a consequence, 
the development of techniques for the PI is strategically of primary importance for 
chemical companies.7  
One winning tool for the PI is the exploitation of microwave technologies.8, 9 
More in details, thanks to the deep studies aimed at exploring the mechanism of actions 
of microwaves over different materials, microwave-assisted techniques have spread from 
the original application as simple alternative heating method in our kitchens, to a large 
variety of innovative processes. These include, for example, the extraction of natural 
compounds, the synthesis of composites and nanodimensional materials, and catalytic 
reactions.10-13  
The use of microwaves for the preparation of nanocatalysts has particularly 
emerged for the rapid and clean characteristics in contrast with conventional heating 
treatments.14-17  
Nanocatalysts,  therefore  catalysts having nanodimensional size (1-100 nm*),18-
21 have been used in catalysis since the 19th century.22 Being at the frontier between 
 
* Establish an unambiguous definition of nanoparticles may be somehow controversial. In general, the literature 
reports as “nanoparticle” a substance having at least one dimension between 1 and 100 nm, or “on the order 
of ∼100 nm”. According to the EU Commission, "Nanomaterial" means: “A natural, incidental or manufactured 
material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % 
or more of the particles in the number size distribution, one or more external dimensions is in the size range 1 
nm - 100 nm”. Also the International Organization for Standardization (ISO) gave a similar definition, indicating 
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homogeneous and heterogeneous systems, nanodimensional catalysts bring together 
high efficiency and selectivity with recovery and recyclability characteristics.23, 24 Most 
diffused methods for the preparation of nanocatalysts comprise  the use of a metal 
precursor, usually a salt, an oxidizing or reducing agents (e.g. NaBH4), a stabilizer (PVP, 
ethylene glycol, etc.) and, in most of the cases, a supporting material (oxides, zeolites, 
charcoal, polymers, etc.).25 Nanocatalysts have been successfully employed in cross-
coupling reactions, oxidations, hydrogenations, electron-transfer reactions, 
electrochemical cells, and numerous others applications.26-34 
 As outcome of the PhD thesis, three published research articles demonstrated 
the efficacy of microwave-assisted techniques for the preparation of catalytically active 
nanoparticles. The first paper describes the MW-assisted preparation of 
photocatalytically active copper sulphides nanoparticles-carbon composite. The novel 
compound was used to achieve the photodegradation of methyl red, a common pollutant 
dye, under visible light irradiation. The second article shows the microwave-assisted 
preparation of gold and silver nanoparticles supported over mesoporous silica (AlSBA-15) 
in comparison with the same material prepared via a mechanochemical approach. The 
nanocatalysts were used to catalyse the microwave-assisted cyclization of propargyl 
ureas, an important reaction for the fine chemical industry. The third article discloses the 
preparation of pure nickel nanoparticles via a quick and environmentally friendly 
microwave-assisted technique. The so-produced particles were employed in the 
microwave-assisted hydrogenolysis of benzylphenylether (BPE), a lignin structure 
compound, as model reaction for bio-combustible production. 
In order to contextualize these research articles, the first chapter of the Thesis 
reports fundamental concepts and last achievements of microwave chemistry and 
nanocatalysis. More in details, the first part of the chapter describes notions of 
microwave chemistry. The second part of the chapter discusses recent works on 
nanocatalysis, with special attention to the fields of applications reported in the research 
articles. Specifically, an overview of recent progresses of nanocatalysis in photochemistry, 
 
as “nanoparticle” “a nano-object with all three external dimensions in the nanoscale, which is approximately 1 
to 100 nm”. However, some other research articles, defined as “nanoparticles” materials having at least one 
dimension below 1 µm. As a result, the wider definition of nanoparticles as “a substance in the 1-1,000 nm 
order”, published in the book “Nanoparticles' Promises and Risks” edited by Springer (2014, Basel) may be also 
accepted. 
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synthesis of fine chemical and biofuels production is reported. In order to highlight the 
importance of nanocatalysts for the production of biofuel, this last argument is described 
with a comprehensive minireview.†35, 36  
 
† According to the production volumes of a petroleum refinery, it should be mentioned that the ideal biorefinery 
must direct ~95% of production to biofuels, and only ~5% to fine chemical products. Therefore, nanocatalysts 
for biofuel production are of particular interest and deserve a deeper discussion. 
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In 2000 the topic “nanoparticles” appeared in 1,935 records, while in 2018 it was 
found in more than 75,000 works.1 This rapid growth of interest has encouraged the 
development of efficient, innovative, sometimes also sophisticated,2-5 and 
environmentally friendly,6-9 processes for the preparation of nanodimensional systems.10-
18 These numerous synthetic strategies can be divided into two main categories: top-
down and bottom-up. With the approach top-down, an external force (grinding, 
ultrasounds, etc.) is applied to a solid which is smashed into smaller particles. On the other 
hand, with the approach bottom-up, atoms pass through atomic transformations or 
molecular condensations in order to produce nanoparticles (e.g. chemical or physical 
vapour deposition, thermal decomposition, sol-gel methods).19, 20 In general, a process, 
or a tool, for the synthesis of nanoparticles, requires to satisfy a sequence of conditions, 
including: 
• The control of particles aggregation/agglomeration 
• The control of the purity of the material 
• The stabilization of the physical properties of the nanoparticles 
• The control of the reproducibility of the synthesis 
• The control of particles size and shape and size distribution 
• High mass production, scale-up and low cost 
The enhancement of all these characteristics via the process intensification is highly 
attractive, as it can remuneratively respond to the incremental demand of the 
nanoparticles market. 
Featuring reduced reaction times, minimized (or suppressed) side reactions, 
enhanced yields and selectivity as well as highly reproducibility, microwave-assisted 
techniques have emerged as outstanding tools for the process intensification.21-24  In 
addition, several works have demonstrated the possibility to apply microwave techniques 
to eco-friendly processes, fulfilling ethical and legislative requests.25, 26 When applied to 
the synthesis of nanoparticles, microwave techniques could lead to the preparation of 
uniform particle sizes thanks to uniform nuclear growth. On the contrary, conventional 
heating techniques normally implies thermal gradients throughout the bulk media 
(already itself an issue in scaling-up the process) affecting the nucleation of the particles 
and the growth rates, therefore lowering the quality of the nanoparticles.27-29 Microwave 
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heating can also prevent the formation of a metalling coating on the reactor walls, 
avoiding tedious cleaning procedures.30 
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A frequencies story: the evolution of microwave technology 
When J. C. Maxwell published the “Treatise on Electricity and Magnetism” in 
1873, establishing the mathematic principles of electromagnetism, the Scientific 
Community was so excited and looked forward to finding practical applications of the new 
theory. The enthusiasm was so high, that when Maxwell died (1879), the famous 
physician H. Von Helmholtz sponsored a prize for the first experimental evidence of 
Maxwell’s predictions. Nine years later, at the Technische Hochschule in Karlsruhe 
(Germany), T. Hertz could produce (and detect) microwaves (frequencies close to GHz), 
winning the challenge.‡ Hertz used a basic transmitter equipped with a Ruhmkorff coil as 
high-voltage pulses generator. The coil generated a spark discharge within straight wire 
connections. As detector, Hertz used a ring antenna with a spark gap. When the antenna 
was detecting sufficient voltage, it produced visible spark, proving microwaves 
transmission, as illustrated in Figure 1.31  
 
 
Figure 1. Illustration of Hertz’s experiment for the production and detection of microwaves. 
 
Despite the importance of Hertz’s experiment, the milestone of microwaves 
history could be traced back to some decades later, when the magnetron, the standard 
generator of microwaves, was created. The term “magnetron” firstly appeared in the 
journal “Physical Review” in 1921, describing a vacuum tube rectifier made of two 
cylinders (described in the next section).32 Despite visionary, the device was still too 
 
‡ According to the bibliography (Lee, T.H., Planar Microwave Engineering, Cambridge University Press: 
Cambridge, 2019), O. Lodge published his experiments proving Maxwell’s theory one month before Hertz. 
However, Lodge was not that lucky, and his effort was recognized only after years. 
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pioneering, being unstable and not very efficient. In addition, even if it could theoretically 
produce microwaves, it was created to investigate the behaviour of electrons between 
the cathode and anode in the presence of a magnetic field. Years later, the British 
developed the air defence system called “Chain Home”, a superior radar designed to 
operate at higher frequencies than standard ones, theoretically microwaves. 
Unfortunately, the lack of technology, in terms of both power sources and detectors, 
limited the operativity to high frequency range - HF (around 22 MHz incremented up to 
55 MHz), and it was impossible to produce microwave radiation.33 On the 21st of February 
1940 at the University of Birmingham, H. Booth and J. Randall could achieve the first 
microwave frequency radar transmission thanks to a cavity magnetron tube (operating at 
3 GHz and 500 W). A few months later, they were able to bring a radar prototype in the 
US, in order to reach an agreement for an industrial development. By the end of 1940, 
the Massachusetts Institute of Technology (MIT) funded the Radiation Laboratory, which 
produced more than forty prototypes within a few months of activity. Due to World War 
II events, despite microwave heating capability was recognized since the beginning,§ 
communication and navigation applications for military purposes had the priority. All 
these efforts were well paid, as microwave radars strongly helped the Allies fighting 
against the Nazis, especially the Royal Air Force against the Luftwaffe.  
When WWII was over, Raytheon Company, a US defence contractor, published the first 
patent on microwave heating (1945). Not surprising, Raytheon was one of the mayor 
producer of magnetrons during WWII. 
A couple of years later, Raytheon launched on the market the “Radarange”, the 
first airline microwave oven, capable of “cooking an hamburger in 30 seconds”. In 1950, 
again at Raytheon, P. L. Spencer developed the first domestic microwave oven prototype. 
A few years later, in 1965, hundreds of patents were filled on various aspects of 
microwave ovens (e.g. packaging, processes, design and techniques). Finally, during the 
70’s and the 80’s, the domestic use of microwave oven spread globally, and is nowadays 
one of the most common electric device in our kitchens.34 
 
§ An anecdote/legend says that P.L. Spencer (from Raytheon) firstly noticed the microwave heating effect when 
a chocolate bar started melting in his pocket, while he was working nearby an active magnetron (another version 
substitute the chocolate bar with popcorn). 
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The application of microwave heating at industrial level was firstly investigated 
at the Department of Food Technology of the MIT. Curiously, it was the domestic use of 
microwaves that inspired their industrial applications. Initially, some experiments were 
run in order to demonstrate the possibility of microwave-assisted coffee roasting and 
bleaching of vegetables operating with high volumes. However, it was again at Raytheon 
that the first pilot plant for microwave freeze-drying was successfully started. Lately, in 
the beginning of 1960, Cryodry Corporation (USA) introduced to the US and European 
market the first industrial microwave system operating at 915 MHz. The system was 
studied for the final drying of potatoes during the preparation of chips. A few years later, 
Raytheon and Litton Industries Atherton sold systems operating at higher frequency, 
specifically 2459 MHz (5-10 kW). Nowadays, the market is full of professional equipment 
for industrial microwave-heating applications, especially for the food industry (baking, 
potato processing, precooking of bacon, pasta drying, etc.).35, 36 
The first use of MWs in chemical R&D could be tracked back to the end of the 
60’s, in the field of polymer synthesis (drying and polymerization of an epoxy resin). A few 
years later, in 1972, the microwave-assisted calcination and sintering of ceramics was 
demonstrated. Sequentially, some studies about fundamental and application studies of 
microwave inorganic chemistry were published.37 Finally, in 1986, R. Gedye and R. J. 
Giguere published two pioneering works about the use of microwave in organic 
synthesis.38, 39 Notably, at the beginning, the application of microwaves in Chemistry 
increased slowly and gradually. The turning point of microwave Chemistry happened 
around 2000, when the number of publication started to rapidly increase, mostly due to 
the availability of commercial microwaves devices intended for laboratory investigation.40 
The new devices in fact allowed scientist to abandon domestic oven for upgraded 
equipment where they can control, and record, microwave output power, temperature 
and pressure, making microwave chemical experiments easily reproducibles.41-43 
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On the wave: basic physical principles of micro(electro-
magnetic)waves 
 
Generating microwaves 
The first magnetron was built by A. W. Hull modifying a well-known vacuum tube 
rectifier. At the end of XIX century, vacuum tube rectifiers were widely used to rectify 
alternative current, by exploiting the principles of thermionic emission (emission of 
electrons of a heated up material). This phenomenon of thermionic emission is quite 
evident in conductive materials (above all the metals) where the surface band of lightly 
bound electrons can easily carry current. In fact, when enough energy is applied to the 
surface of a conductive material, the electrons (on the surface) can be expulsed. 
Considering the application of thermal energy, the thermionic emission could happen 
when a semiconductor material is heated up, e.g. though Joule heating, to the 
temperature where the average thermal energy approaches the work function. If this 
phenomenon occurs to filament in a vacuum tube, as shown in Figure 2-A, the tube will 
be filled of electrons. If two wires connected to the terminals of a battery are placed into 
the vacuum tube with some space between them, as shown in Figure 2-B, current could 
flow thanks to these electrons. Additionally, if the negative terminal of the battery is 
placed on the metal source of free electrons, as shown in Figure 2-C, the current will flow, 
but if the current is inverted (Figure 2-D), no current will flow (unless the current is 
extremely high). This because the electric field produced by the battery setup will attract 
electrons back into the filament. As a result, when the vacuum tube is applied to an 
alternative current source, it will act as rectifier.44 
A simple improvement of this type of vacuum tube rectifier can be done by 
adding a conductive mesh between the filament and the anode. As a result, the current 
flow can be reduced, increased, or completely stopped by the additional electric field of 
the conductive mesh. Basically, this modified device, called triode, lets the vacuum tube 
rectifier work as an oscillator and amplifier. 
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Figure 2. Illustrations of vacuum tube: A) filled with electrons; B) allowing the passage of 
electrons; C) cathode mounted on the filament; D) inverted current of case C. 
 
Hull modified a vacuum tube triode in order to investigate the behaviour of 
electrons between the cathode and anode in the presence of a magnetic field. More in 
details, he used a thin cylinder containing the electron source filament connected to the 
negative terminal of a battery. He enclosed the cylinder with a coaxial cylindrical plate, 
connected to the positive terminal of the battery. Finally, he surrounded the cylindrical 
plate with a winding, capable to generate a magnetic field, with field lines lined up 
(approximatively) with the cylinders. Finally, he placed the all setup in a vacuum tube, 
building the Hull’s magnetron (Figure 3). In a Hull’s magnetron, when electrons are 
generated, and tend to flow from the inner cylinder to the external cylinder, they are 
influenced by the magnetic field generated by the winding.45 
 
A B 
C 
D 
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Figure 3. Schematic representation of Hull’s magnetron. 
 
Remarkably, a charge moving through a magnetic field, experience the Lorentz 
Force: 
F = q(v x B)** 
As a consequence, the electrons are attracted to the cylindrical plate though curved 
paths, and are accelerated in the electric and magnetic field.46 Eventually, if a really high 
magnetic field is applied the electrons are curved back to the filament. The specific 
magnetic field strength where this phenomenon is observed, it’s called the Hull cut-off 
field. More in details, when the magnetic field applied is lower than the Hull cut-off field, 
the electrons emitted from the filament are able to reach the anode (Figure 4-A). On the 
other hand, when the magnetic field applied is higher that the Hull cut-off field, the 
electrons are curved back (Figure 4-B). 
 
 
** v is the charge's velocity vector and B is the local magnetic field vector. 
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Figure 4. Electron paths in the Hull’s magnetron applying A) low; B) high; C) medium (crictical) 
magnetic field. 
 
Interesting, when the magnetic field equals the Hull cut-off field, some of the 
electrons slightly miss the anode, and fly past in a circular trajectory (Figure 4-C). Thanks 
to Lorentz magnetic force, these circulating electrons are accelerating, but their speed 
doesn't change significantly. In addition, these electrons don't gain energy (magnetic 
fields can't do work) but they change direction. This constant acceleration of the electrons 
trapped in circular electromagnetic orbits within the tube radiates energy away in the 
form of electromagnetic waves. Many different frequencies are emitted, but a peak 
occurs at the cyclotron frequency of the electrons, that is their frequency travelling 
around the circle. As a consequence, by modulating the shape of the magnetron, it is 
possible to define the wavelength of the emitted electromagnetic waves. More in details, 
magnetrons allow high power and high frequency emissions, up to dozens of GHz. 
Considering the electromagnetic spectrum, microwaves are placed between IR and 
radiofrequencies. More in details, microwaves are electromagnetic waves having 
wavelengths ranging from 1 cm and 1 m with frequencies between 300 GHz and 300 MHz, 
and moving at the speed of light (Figure 5). Remarkably, microwaves have low energy 
photons are uncapable of breaking chemical bonds (i.e. no DNA damages can occur).47-49 
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Figure 5. Electromagnetic radiations frequencies and their classification. 
 
It is important to mention that the use of frequencies has been established 
reserving some frequencies for Industrial, Scientific and Mediacal (ISM) purposes in order 
to not interfere with communication frequencies. The globally used frequencies for ISM 
purposes are 2.45, 5.8 and 24 GHz, while additional frequencies are established by each 
country. 
The Hull’s magnetron is unfortunately very unstable and poorly efficient. Cavity 
magnetron are better alternatives to fully exploit microwaves.†† The simplest cavity 
magnetron, is a Hull magnetron with a special anode full of specially sized cutout 
chambers, called resonating cavities, illustrated in Figure 6-A.50 When the magnetron is 
connected to alternative current, electrons curve outward from the filament in the sub-
cut-off magnetic field (usually produced by two permanent ring magnets) and strike the 
anode. When they strike the anode, the electrons are deposited, generating a negative 
charge. As a result, each of the resonant cavities forms a sort of LC (tank circuit in which 
an inductor L and a capacitor C are connected in parallel, Figure 6-B) oscillator circuit: the 
curved surface acts as a single-loop "inductor" and the cutout connecting the cavities to 
the main chamber serves as a parallel-plate “capacitor”. In other words, the electrons 
impacting the cavity-ridden anode serve to "drive" the LC oscillations and the 
electromagnetic waves.  
 
 
†† Other microwaves generator include the semiconductors microwaves generator, less common and here not 
described.49 
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Figure 6. A) Section of a cavity magnetron; B) scheme of a LC circuit; C) illustration of the LC 
circuit produced in each cavity of the magnetron. 
 
The result is that, when electrons deposit charge on the ends of the cavities, 
electrical oscillations are initiated in the resonant cavities (Figure 6-C). The results of these 
oscillations are radio frequency electromagnetic waves. The frequency values depend on 
the inductance/capacitance of the LC oscillators, which in turn depends on the physical 
dimensions of the cavities.  
Microwaves are transmitted from the generator to the target thanks to a metal 
tube waveguide. The cross-sectional size of the tube varies according to the frequency of 
the applied radiation, as illustrated in Figure 7. Specifically, the waveguide transmits the 
microwave radiation at multiples of ½ waves such that the microwaves are in a resonance 
state.  
A 
B C 
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Figure 7. Section of a waveguide. 
 
For alternating electric field distributed in the interior of waveguide, the electric 
charges (plus and minus) interchange at the upper and lower ends of the waveguide. In 
order to exploit as much as possible the microwave radiation, samples are placed in 
maximum electric field zones. 
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Microwave heating 
Microwaves can interact with materials in different ways. For example, when 
they interact with electrical conductors, e.g. most of the metals, they are reflected. When 
they interact with materials having low dielectric loss characteristics (tan δ < 0.01, 
explained below) such as quartz or Teflon, they are not (or almost not) affected and are 
transmitted. Finally, when they interact with dielectric materials (tan δ between 0.05 - 1, 
see below), the microwaves are adsorbed.51 
According to C. O. Kappe, D. Dallinger and S. S. Murphree,52 microwave heating is 
generated by three different phenomena.‡‡ The first two are related to the electric 
component of the microwaves while the last related to the magnetic field of the 
microwaves: 
• Dipolar polarization 
• Ionic conduction 
• Magnetic (loss) heating 
When substances having dipole moments are subjected to an oscillating electric 
filed, they tend to realign following it. During this process, some energy, in the form of 
heat, is lost due to molecular frictions and dielectric losses. The amount of energy 
dissipated depends on the ability of the dipoles to align with the frequency of the applied 
filed: if the dipoles don’t have time to realign, i.e. for high frequencies, or reorient too 
quickly, i.e. low frequencies, no energy is dissipated and no heating occur. The frequency 
of 2.45 GH,§§ that is the operative frequency of most of the commercial microwaves, gives 
the dipoles enough time to align in the field but not enough time to follow the altering 
field precisely. Consequently, when the dipoles reorient to the electric field, the field has 
already changed, generating a phase difference between the orientation of the field and 
the orientation of the dipoles. This cause energy to be lost from the dipole by molecular 
 
‡‡ According to S. Horikoshi and N. Serpone, microwave heating is generated also by three phenomena, called 
dielectric heating, Joule heating and magnetic loss heating. Importantly, despite called with other different 
name, the concepts expressed are mosly the same. 
 
§§ The interaction between microwave radiation and dielectrics occur when the frequency of the radiation is 
close to the frequency of the rotational relaxation process. 
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friction and collisions, turning kinetic energy into thermal energy, generating dielectric 
heating.  
Ionic conduction occurs when dissolved charged particles, e.g. ions, oscillate 
following the alternated electric field, colliding with neighbouring molecules and atoms. 
As a result, they create agitation or motion, i.e. kinetic energy, thus heat. In terms of heat 
generation, ionic conduction is stronger than dipolar polarization. 
Finally, magnetic losses occur in the microwave region for some metal oxides (e.g. 
magnetite) and some magnetic materials and is generated by the magnetic field 
component of microwaves (basically, is the selective heating of the magnetic materials, 
explained in next section). This behaviour is exploited by adding metal oxides having high 
magnetic losses as impurities to solids having low dielectric loss. Also, it is possible to 
exploit the magnetic loss using metal oxides as catalysts, thanks to the rapid induction 
heating.53 
The microwave-heating efficiency depends on the material state and density: the 
higher the dispersion of the molecules of the irradiated material, the lower the influence 
of the electric field (e.g., liquid water can be easily heated up, while vapour cannot). 
Furthermore, highly regular lattice structures (e.g., ice) having strong interactions of 
atoms, will not resonate with the frequencies in the microwave range.*** 
  
 
*** A famous experiment to prove this effect consists in heat in a microwave corns in an ice bowl: the corns will 
pop while the bowl will not melt, due to the strong hydrogen interaction (H-O) in the ice structure. 
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Dielectric properties 
The microwave-heating characteristics of a material depend on different 
dielectric properties. The first dielectric property is the permittivity, ε, which indicates the 
ability of a material to be polarized by an electric filed. The ratio between the permittivity 
and the permittivity in vacuum gives the dielectric constant, ε’, that can also be a function 
of the applied frequency. Another property, is the dielectric loss factor, ε’’, which 
indicates, in the case of microwaves irradiation, the portion of the energy of an 
alternating electrical field in a dielectric medium that is converted into heat. ε’’ is 
calculated as sum of dielectric heating and Joule-heating. Therefore, ε’’ is a good indicator 
of the heating efficiency of the microwave irradiation. Remarkably, losses of electric 
conduction in solids tend to be enhanced by defects in the materials, which reduce the 
energy needed to generate electrons and holes in the CB and VB. Despite poorly practical 
for laboratory experiments (due to limitations in the use of frequencies, as explained in 
previous section), both ε’ and ε’’ depend on the frequency: if ε’ tends to increase 
increasing the frequency (after a plateau up to 2.45 GHz, ε’’ slightly increases up to 20 
GHz and sequentially decreases.††† Also ε’ and ε’’ are influenced by the temperature: 
usually, while ε’ diminishes, ε’’ increases. This means that the adsorption of microwaves, 
expect for some inorganic/polymeric materials,54 normally decreases by increasing the 
temperature. If on the one hand this seems inconvenient, as microwave heating at high 
temperature may be compromised, on the other hand it sets a safety standpoint, avoiding 
danger runaway reactions. 
ε’ and ε’’ are combined to calculate the loss angle (or loss tangent), tan δ= ε’’/ ε’. 
The loss angle gives in a unique value the measure of the resistance of a molecule. In 
other words, it’s the rate of heating against the ease of polarization, or more easily, it’s 
the ability of a substance to convert electromagnetic energy into heat at a given 
frequency and temperature.  
 
††† The 2.45 GHZ has been selected for kitchen microwaves in order to not have the maximum ε’’: in fact, in that 
conditions, microwaves are highly adsorbed (mostly on the surface) and will not penetrate in food. 
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A material with high tan δ can efficiently absorbs microwaves, and can be rapidly 
heated. Basing on tan δ values, substances (more frequently solvents) can be divided into 
three microwave adsorbing classes:52 
• High adsorbing: having tan δ > 0.5 (e.g. ethylene glycol, ethanol, methanol) 
• Medium adsorbing: having tan δ 0.1-0.5 (e.g. acetic acid, water, 1,2-
dichloroethane) 
• Low adsorbing: having tan δ < 0.1 (e.g. chloroform, acetone, acetonitrile, 
toluene, hexane) 
A fourth category may be represented by compounds without a permanent dipole 
moment, such as dioxane and benzene, that are more or less microwave transparent. 
Another important factor that must be consider in microwave-assisted reactions is the 
penetration depth, Dp. This property indicates the ability of the radiation to penetrate 
into the media. Clearly, this property is more important when operating with high volume 
reactors, while is less evident in commonly used microwave reactor tubes (having 
diameter 1 cm). Dp is reported as a value that denotes the depth at which the power 
density of the microwaves is reduced to 1/e of its initial value (more or less reduced to 
37%). Dp is influenced by temperature and irradiation frequencies. Normally, non-polar 
solvents have high Dp compared to polar solvents (e.g. Dp of toluene is  40 cm while Dp 
of water is  1.5 cm). Additionally, ions tend to decrease the Dp of a substance, therefore 
a strong stirring is needed when operating with dissolved ions.55 
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Microwave thermal effects 
Generally, heat sources in chemistry are oil bath, electric heater (and electric 
resistance), gas flame, hot wind and hot water. Therefore, the heating processes occur by 
convection, conduction and radiation thermal transfers. These processes are clearly slow 
and inefficient, as they depend on convention currents and thermal conductivities, 
resulting in higher vessel temperatures compared to those of the solutions. The so-
generated thermal gradients, called also wall effects, can affect the kinetics of the 
reactions, favouring, for example, side reactions or product degradations. Oppositely, 
microwave-heating (when properly carried out) occurs simultaneously in the whole 
reaction mixture, thanks to the mass heating phenomena, and the penetration of 
microwaves though the transparent vessels (e.g. Teflon, quartz, borosilicate glass) avoid 
any wall effects. The specific thermal effects of microwaves can be classified in: 
 
• Effects related to kinetics 
• Specific microwaves effect 
 
Regarding the kinetics of reactions, thanks to the rapid heating obtained with 
microwave irradiation, it is possible to increase the rate of a reaction by several times. 
Despite some works claimed for years the existence of associated kinetic nonthermal 
microwaves effects, the scientific community is quite unite in the definition of microwave 
irradiation as a “..thermal process […] incredibly effective, safe, rapid, and highly 
reproducible […] under strictly controlled processing conditions…”.56-58 As a result no 
“magic microwave effects” occur. Compared to standard thermal heating procedures, 
microwave-assisted reactions can be carried out efficiently, rapidly and easily.59-61 
Remarkably, it has to be mention that microwave heating will not always favour the 
desired pathway, for example when unwonted reaction products not seen during a 
conventionally heated experiments at lower T, are formed in the microwave. As a 
consequence, the specific reaction conditions should be always be strictly controlled. 
The peculiar mechanism of microwave heating can generate several specific 
microwave thermal effects. These include the superheating and the selective heating. The 
superheating effect can be observed when a microwave-heated solution may have 
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reached its boiling point but may not boil, being in a metastable state. This phenomenon 
derives from the absence of nucleation sites (or better absence/low heat of imperfections 
on the vessel were the nucleation sites can grow) and from the presence of a low solvent-
vapour interface area.62 The selective heating is probably the most important specific 
microwave-heating effect. It is based on the possibility of selecting the substance to heat 
by the dielectric losses. For example, by using a low adsorbing solvent, it is possible to 
selectively heat high adsorbing heterogeneous catalysts (e.g. due to magnetic loss) or 
reagents.63 The low-adsorbing substances are eventually heated by heat transfer from the 
heated component. This principle can be also applied to bi- or multiphasic systems (e.g. 
water and chloroform).64 When this principle is applied to a reaction, microwave heating 
results in less energy consumpting compared with traditional heating techinques, where 
is necessary to heat all the studied mixture in order to achieve the desired heat transfer. 
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Small, smaller and smallest: (state of) the art of nanocatalysis 
The continuous effort in the research and development of nanodimensional 
systems have led to the establishment of an extremely remunerative nanoparticles 
market.‡‡‡ Nanoparticles in fact exhibit new or enhanced size-dependent properties 
compared with larger particles of the same material, having captivating commercial 
applications.  
Currently, it is possible to find nanoparticles in everyday products, such as in 
drugs (e.g., biopolymeric nanoparticles for drug delivery) or in personal care products 
(e.g., nanogold creams and shampoo) as well as in clothes (e.g., silver nanoparticles as 
antifungal and antibacterial agents) or in food (e.g., ZnO nanoparticles as food additive).9, 
65-70 
Parallelly, also the nanocatalysis field has gained more attention year-by-year.71, 
72 In fact, nanocatalysts are extremely attractive as they bring together the recovery 
characteristics of heterogeneous systems with the activity of homogeneous ones.73 More 
in details, if on the one hand homogeneous catalysts show high yields and minimized side 
reaction and by-products, they must be removed (neutralized) producing waste and being 
not reusable. On the other hand, heterogeneous systems are easily recovered, but they 
show strongly reduced catalytic activity compared to homogeneous catalysts. This 
different catalytic activity is generally caused by mass transfer effects, which are mostly 
negligible in homogeneous catalysis, where reactants, products, and catalysts are in the 
same phase. In contrast, heterogeneously catalysed reactions are normally limited by 
mass transfer or diffusion processes between the phase of the catalysts and the phase of 
the reactants.  
In this context, nanocatalysts are catalysts in the nanometer-size where the mass 
transfer resistance is diminished by the intrinsic large surface to volume ratios. As a result, 
 
‡‡‡ Notably, the industrial preparation of nanoparticles began in the XX century. However, the rapid expansion 
of this market began in the last two/three decades. 
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nanocatalysts represent a good match between homogeneous and heterogeneous 
catalysts.74 §§§ 
 
  
 
§§§ Clearly, the research aims at developing the smaller possible catalytic structures, therefore single-atom 
catalysts (which are being reported every year in a higher number of articles). Up today, nanocatalysts represent 
the most studied smaller possible catalytic systems. 
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The power of light: some of the last achievements in photochemistry 
Among all, the utilization of nanodimensional photocatalytically active materials 
in photoelectrochemical cells (PEC) as well as for chemicals degradation deserves special 
attention. In fact these type of applications aim to contrast two of the mayor issues that 
currently affect our World: the production of energy using non-renewable resources, and 
the pollution of the environment.75-77 **** 
Without any doubt, one of the most studied material for photocatalytic 
applications is titanium dioxide.78 Currently, the research is focusing on the development 
of well-structured TiO2 nanodimensional systems with enhanced photocatalytic activity. 
For example, TiO2 nanotubes have been demonstrated to have high catalytic activity, and 
also a red-shift of the adsorption region can be obtained varying the dimension of the 
tubes.79-81 Hybrid structures of multiwalled carbon nanotubes/TiO2 nanocomposites have 
been proved to be highly active for the degradation of pharmaceutical waste water.82 
Other interesting titanium dioxide nanostructures include the nanosheets architectures. 
These structures have been used as a “ground-foor” to build heterostructures with high 
activity under visible light irradiation.83, 84 Interesting, also a self-doped heterostructure 
of Ti3+/TiO2 with mesoporous nanosheets structure has been recently synthesized. The 
structure exhibited a band gap of 2.87 eV (rutile has 2.98 eV band gap), therefore showed 
photoactivity in the visible region.85 
ZnO nanoparticles are other highly studied photocatalytic materials. These 
structures have been claimed to be valid alternative to TiO2,86 and exhibit good 
photocatalytic activity especially in chemical degradation reactions (e.g. dyes, pesticides, 
aromatic compounds).17 
Other compounds include, for example, noble metal-metal oxides hybrid 
nanostructures,87 Cu or Al oxide nanoparticles,88, 89 C3N4-metal nanocomposites90, 91 or 
nanodimensional chalgonegides, such as Cu2S.92, 93 Interesting, in recent years, some of 
these compounds have been also prepared through microwave-assisted synthesis, such 
as graphene-CdS/CuS composites,94 Au/Sn2S nanoflowers,95 or nano-scale BiVO4 
compounds.96  
 
**** Importantly, other applications are also ethically important. For the purpose of the Thesis, applications in 
PEC cells and for pollutants degradation were selected as the most relevant. 
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Considering the fact that these photocatalytic compounds are designed for 
alternative energy production or general environmental applications, a good practice is 
to carry out the synthesis following the principles of green chemistry.97, 98 
  
Microwave Chemistry and Nanomaterials 
 
  
 
41 
 
Until perfection: recent studies in the synthesis of fine chemical 
In the last years, several research group from all over the World have successfully 
prepared and tested hundreds of different nanocatalysts for the preparation of fine 
chemicals.99-101 The novel systems have been used to catalyse different synthesis, 
including hydrogenations, oxidations, epoxidations, couplings, and many others.102-109 
A special mention must be given to nanocatalysts supported over mesoporous 
materials such as carbon or silica (e.g. SBA-15, MCM-41, MCM-48).110-115 or over 
biomass/waste derived supporting materials, such as chitosan or cellulose.116-118 These 
nano-supported structures are particularly useful in catalysing the synthesis of fine 
chemicals due to the high stability of the supported nanoparticles (avoiding leaching) and 
due to the improved recovery characteristics (eventually magnetic) of the catalysts, of 
primary importance when producing high value materials (no product must be lost in 
filtration/separation procedures during the removal of the catalysts). For example, very 
recently, palladium nanoparticles have been supported over a chitosan-Fe3O4 system and 
used as active catalyst for the Suzuki-Miyaura cross coupling reaction carried out at room 
temperature. Thanks to the presence of magnetite, the catalysts were easily recovered 
with the aid of an external magnet.119 Moreover, a novel structure made of cobalt 
nanoparticles (nitrogen-doped) supported over mesoporous silica MCM-41 has been 
recently synthesised and used as efficient catalyst for the selective hydrogenation of 
nitrocompounds.120 
Among all the nanodimensional metals, gold nanoparticles have emerged due to 
their high stability under hard reaction conditions, i.e. common reaction conditions in the 
synthesis of fine chemicals.15, 121 Supported gold nanoparticles have demonstrated high 
activity in the low-temperature CO oxidation, cyclohexene hydrogenation, and 
cyclohexane oxidation,122 with special attention on green chemistry applications.123, 124 
For example, gold nanoparticles supported over cerium oxide have been used as catalysts 
for the furfural oxidative esterification.125 More interesting, gold nanoparticles supported 
over magnetite have been synthesized using an herbal extract as reducing agent avoiding 
the use of toxic compound. The catalyst showed good catalytic activity for the reduction 
of azo compounds.126   
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Despite their high catalytic activity, gold nanoparticles have high production 
costs. As a result, different valid alternatives have been proposed. Between all, silver 
nanoparticles have emerged due to cheaper production costs and outstanding catalytic 
activity.10, 127, 128 For example, silver nanoparticles have been recently synthesized through 
a microwave-assisted method using a leaf extract. The nanoparticles showed good 
catalytic activity in the reduction of 4-nitrohenol.129 More recently, silver nanoparticles 
have been prepared through a biological procedure using essential oils of orange peel as 
a capping and reducing agent. The so-prepared nanocatalysts showed high performances 
in A3 coupling reactions.130 
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Full throttle: “Advances in nanocatalysts design for biofuels production”  
†††† 
Minireview published in ChemCatChem. Alessio Zuliani, Francisco Ivars and Rafael Luque, 2018, 10, 
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Abstract: The exploitation of nanocatalysts, at the boundary between 
homogeneous and heterogeneous catalysis, offers new efficient ways to produce 
renewable biofuels in environmentally friendly conditions. Specifically, biodiesel and high 
density fuels have been chosen as major topics of research for the design of catalytic 
nanomaterials. As solid-state catalysts, they are recyclable, and their nanometric particle 
size enables high activities that approach those of homogeneous catalysts. In addition, 
they offer novel and unique catalytic behaviours not accessible to solids above the 
nanometer range. Furthermore, the use of magnetically active materials has led to the 
development of nanocatalysts easily recoverable through the application of magnetic 
fields. In this Minireview, the latest achievements in the production of advanced biofuels 
using stable, highly active, cheap and reusable nanocatalysts are described. 
 
1.Introduction 
Biofuels, generally defined as any energy-enriched chemical derived from 
biomass, represent an alternative to the steadily depleting fossil fuel resources. Indeed, 
biofuels bring together unique characteristics such as renewability, biodegradability, low 
toxicity, diversity and an easy and locally controllable availability. Moreover, whereas the 
combustion processes of fossil fuels produce the majority of CO2 emissions in the Earth’s 
atmosphere, the combustion of biofuels is considered to be carbon neutral.131-133 
Nevertheless, the production of biofuels has to be responsibly planned and handled since 
the uncontrolled exploitation of plants as biomass source might lead to massive 
deforestation or to the consumption of soils used for edible crops. In this way, the eco-
friendly and sustainable characteristics of biofuels as energy sources depends on the class 
and the nature of the biomass employed as feedstock, as well as on the characteristics of 
the production processes, which include reaction conditions, reagents, the use of catalytic 
or noncatalytic reactions and the type of catalyst employed.134, 135  
The most general categorization of biofuels is made in terms of the direct or 
indirect production of energy. Thus, the first category, that of primary biofuels, refers to 
organic materials used in an unprocessed form, such as wood fuel or dried animal dung 
fuel, to produce heat or electricity directly. These primary biofuels were the energy 
engine of human development until the rise of fossil fuels. Although utilizing primary 
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biofuels for everyday use is no longer accepted in terms of environmental sustainability, 
it is still the main source of energy, especially for cooking and heating, in a large number 
of communities in developing countries. 
The second category, that of secondary biofuels, refers to those indirectly 
obtained from organic material, either of plant or animal origin. Their production requires 
advanced and efficient conversion technologies from which solid, liquid or gaseous 
biofuels are produced, depending on the specific characteristics of the process.  
The main technologies for biomass conversion can be divided in 
thermochemical, biochemical and extraction methods. Although the processes for 
upgrading biomass are also employed to obtain fine-chemical products, in this Minireview 
we will only focus on biofuel production. Thus, thermochemical processes are the ones 
attracting major research attention and the most common methodologies for biomass 
conversion into biofuels, with the broader range of developed technologies.136 
Thermochemical methods can be subdivided into gasification and direct liquefaction 
methods. Gasification is mainly used to produce syngas (mixture of CO and H2, primarily 
used for methanol or Fischer–Tropsch hydrocarbons synthesis) from biomass conversion 
at low- (LTG) or high-temperature (HTG) in the presence of oxidant gases (mainly O2, CO2, 
steam and air). Direct liquefaction is employed to produce liquid biofuels (e.g. biodiesel, 
bio-methanol, bio-oil) and can be subdivided into hydrothermal and catalytic liquefaction, 
and pyrolytic methods based on thermal biomass decomposition in absence of oxygen.137  
On the other hand, biochemical processes involve biomass conversion through 
fermentation or anaerobic digestion, using live microorganisms or enzymes, to produce 
liquid or gaseous biofuels. 
Finally, the extraction methodology is based on physical methods (sonication, 
microwaves, bead beating, autoclaving, grinding, osmotic shock, etc.) and/or chemical 
methods in the form of solvent extraction (e.g. using ionic liquids, Soxhlet, Blighand Dyer’s 
or supercritical CO2 extraction).  
Depending on the nature of the biomass feedstock, secondary biofuels are 
subdivided into three different classes: i) first generation biofuels, obtained from food 
crops; ii) second generation biofuels, derived from non-food biomass crops, no longer 
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edible food-derived materials (e.g. wasted oils) as well as agricultural, urban and 
industrial organic waste; and iii) third generation biofuels, which consist of biofuels 
derived from microalgae. Figure 8 schematically shows the classification of biofuels into 
categories and classes.  
Third generation biofuels can also be theoretically included in the definition of 
second generation biofuels, as biomass sources from both generations do not directly 
compete with the food supply. However, the special characteristics of biofuel production 
from microalgae, potentially capable of much higher yields (up to 300 times) with lower 
land requirement than any other feedstock, made them worthy of their own category. 
The extraordinary photosynthetic efficiency of microalgae (high capacity for CO2 capture) 
is mainly responsible for some of their unique characteristics such as high adaptability 
and fast growth rate (above 50 times faster than land based plants). 
 
 
Figure 8. Classification of biofuels. 
 
However, third generation biofuels are more expensive than those from other 
biomass sources, owing to the high cost caused by the large amount of water, nitrogen 
and phosphorus (the latter two in terms of fertilizer) required for the microalgae to grow. 
In addition, the need for fertilizer brings a negative balance of greenhouse gases 
emissions for the global process once the fertilizer production is considered.138 
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Furthermore, from a strictly logistic view, microalgae cultures need the combination of 
large cultivation areas, sunlight, water and a source of CO2 in the same place. Until now, 
this utopic place does not exist on our planet. Therefore, despite the advantages, third 
generation biofuels will not become a commercial reality in the short term, and currently 
they are rather restricted to a small scale.  
As to the other biofuel sources, the first generation was the earliest class of 
secondary biofuels, which was produced using potentially edible biomass feedstock, and 
therefore considered as not sustainable, because, if massively exploited, it would have a 
serious impact on the world food supply. In contrast, second generation biofuels uses a 
more sustainable biomass feedstock in terms of availability, waste recycling potential and 
with a lower impact of their use on food supply, greenhouse gas emissions, biodiversity 
and exploitation of agricultural land (linked to food and water supply). However, biomass 
sources for second generation biofuels used to be more difficult to convert than food 
feedstocks, owing to their lower reactivity as well as high structural and composition 
complexity. Nowadays biofuel production is faster, easier and cheaper from highly pure 
oils and lipids than production from non-food crops and other biomass sources from 
waste residues. Therefore, first generation biofuels still constitute the majority of biofuels 
currently manufactured, whereas most of second generation fuels are still at the 
development stage and not widely available for commercial use.139, 140  
In most cases, biofuels are still not cost-competitive relative to fossil fuels. Apart 
from waste-derived biomass, the rest of biomass feedstock can account for up to 60–80% 
of the total cost of biofuel production, mainly owing to the higher costs of biomass 
collection and transportation relative to those for fossil fuels extraction and delivery to 
centralized processing stations.139,140 Regardless of the economic issue, commercial 
production and use of biofuels have progressively been scaled up during last decades, 
mostly because of the prospective threat of fossil fuels shortage along with the 
challenging international commitments to reduce greenhouse gases emission standards. 
Accordingly, the research efforts on biofuels technology have been intensified to reduce 
production costs. The main approach has been to develop more efficient, 
environmentally friendly and economically viable novel processes, with the aim of moving 
from the first to the second generation of biofuels.  
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Some methodologies successfully use homogeneous catalysis to speed reaction 
rates up, increasing conversion and selectivity, minimizing side reactions and by-products. 
However, homogeneous catalysts cannot be recovered and reused. They must be 
neutralized at the end of the reaction, producing vast quantities of undesired waste 
chemicals that have to be separated, and limiting implementation of continuous 
downstream processes. Moreover, corrosion is especially favoured in homogeneous 
catalysis.  
Alternatively, heterogeneous catalysis offers, in addition to the aforementioned 
advantages inherent to a catalytic reaction, the possibility of recycling the solid catalyst 
and, if using liquid or dissolved biomass, operating processes under continuous flow 
conditions with reduced corrosion problems in comparison to homogeneously catalyzed 
reactions. Moreover, the use of solid catalysts opens the chance for multifunctionality, 
consequently decreasing the number of steps in a biomass upgrading process, towards 
even higher both energy and cost efficiency.  
Nevertheless, mass transfer effects are mostly negligible in homogeneous 
catalysis, in which reactants, products, and catalysts are in the same phase. In contrast, 
typical liquid–solid heterogeneously catalyzed reactions for biomass conversion are 
limited by mass transfer or diffusion processes between the solid phase of catalyst and 
the liquid phase of reactants, leading to long reaction rates and low efficiency.141 
Therefore, heterogeneous catalysis research has focused on developing solid catalysts in 
the nanometer-size scale (nanocatalysts), in which mass transfer resistance is minimized 
by the intrinsic large surface to volume ratios.  
Most of the research has focused on developing nanocatalysts for biomass 
conversion into biodiesel, with are latively insignificant number of studies on the 
upgrading of biomass to other liquid biofuels. Accordingly, the aim of this work is to 
provide an overview of the ultimate advances in nanocatalysts for biodiesel production. 
In addition, progress in the use of nanocatalysts to produce high density eco-fuels, 
including those produced from biomass and from plastic waste, will be also summarized. 
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2. Biodiesel 
The most common biofuels include bio-alcohols, biodiesel, bio-ethers, biogas 
(mainly a mixture of CH4 and CO2), biosyngas (mixture of CO and H2) and high density 
biofuels.142 Among them, biodiesel has attracted by far the most attention from the 
industrial and research sectors, owing to its multiple and well-known advantages.143 In 
addition to the benefits related to sustainability such as renewability, biodegradability 
and low toxicity, biodiesel is fully compatible with conventional diesel fuel engines 
without any modification.  
Biodiesel is composed of mono-alkyl esters of long chain fatty acids (fatty acid 
alkyl esters, FAAE) derived from natural and renewable lipid feedstock, such as vegetable 
oil or animal fats. The direct use of oils and fats as diesel is hindered by the high kinematic 
viscosity of the feedstock and by the deposition of carbon. Hence, oils and fats must be 
processed to be compatible with existing engines.134 There are two primary conversion 
methodologies for producing biodiesels: pyrolysis and transesterification. As introduced 
above, the pyrolysis is a thermal treatment which needs high temperature and is 
extremely energy-consumptive.144 Transesterification is the reaction of a fat or oil with an 
alcohol to form esters and glycerol. The transesterification of TAGs (triacylglycerol) and 
esterification of FFAs (free fatty acids), illustrated in  Scheme 1 and also defined as 
alcoholysis of plant oils or animal fats, is the most common technology to produce 
biodiesel.145  
There are different transesterification processes that can be applied to 
synthesize biodiesel: (a) base-catalyzed transesterification, (b) acid-catalyzed 
transesterification, (c) enzyme-catalyzed transesterification, and (d) supercritical alcohol 
transesterification. The most common method is homogeneously base-catalyzed 
transesterification, which is significantly faster than any of the other methods (e.g. 4000 
times faster than homogeneous acid catalysis reaction), in addition to being easier and 
cheaper.146-153 Nowadays more than 95% of the world total biodiesel is produced from 
highly pure edible oil feedstock, consequently increasing food prices and deforestation. 
On the other hand, non-edible oils have gained attention because of their elevated oil 
content and the possibility to be grown in territories not suitable for agriculture with 
reduced cultivation costs. Residual cooking oils are also considered as possible feedstock 
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for biodiesel production as a result of their low costs, but they are composed mainly of 
free fatty acids (FFAs), which strongly influence the yield and purity of the biodiesel.154 
Although base-catalyzed transesterification is a simple process, it is very sensitive to the 
presence of free fatty acids, which leads to undesired saponification reactions of the 
desired products. Consequently, it requires high cost virgin oil (high grade) as feedstock, 
highly increasing the production cost as compared to the acid-catalyzed 
transesterification. 
 
 
Scheme 1. An illustration of transesterification of triglyceride and esterification of free fatty 
acids. 
 
Nevertheless, regardless of the acid or base reaction mechanism, homogeneous 
catalysis for biodiesel production has some important limitations, despite its attractive 
characteristics. Thus, to avoid saponification and hydrolysis of esters, sodium hydroxide 
is used only with high purity edible oils. On the other hand, sulfuric acid can be used with 
low-grade feedstock, but it needs longer time of reaction. Finally, the post-reaction 
treatment required for the removal of the residual catalysts is costly, difficult and 
generates a large waste water stream. Considering also that the catalysts are consumed 
during the process, the need for a more promising alternative is straightforward.134  
Therefore, various types of heterogeneous catalysts have been studied to 
improve the transesterification of glycerides. These include solid base catalysts, such as 
hydrotalcites, metal oxides, metallic salts, supported solid bases and alkali-modified 
zeolites. Unlike homogeneous catalysis, low-quality oils or fats with FFAs and water can 
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be used with heterogeneous base catalysts, which have been intensively studied over the 
last decade for transesterification synthesis of biodiesel. However, their catalytic 
efficiency still needs to be improved. On the other hand, solid acid catalysts, with a longer 
history than solid bases, are especially suitable for low-quality oil feedstocks with high 
content of FFAs. Acid catalysts can simultaneously catalyze both esterification and 
transesterification, showing a much higher tolerance to FFAs and water than basic 
catalysis, but with less activity. Currently developed solid acid catalysts are cation 
exchange resins (i.e. Amberlyst-15 and NR50), mineral salts (i.e. ferric sulfate, zirconium 
sulfate, aluminum phosphate and zirconium tungsten), supported solid acids, zeolites and 
heteropolyacid catalysts.155  
Finally, enzyme-catalyzed transesterification has also been reported as an option 
because it can avoid saponification, simplifying the purification process and allowing the 
use of less pure feedstocks such as inedible and waste oils. Enzymes can be used in mild 
reaction conditions, consuming less energy, and leading to highly pure products even if 
using high FFAs value feedstock.156 The consistent price of enzymes calls for the utilization 
of an immobilizing material to facilitate the recovery of the biocatalyst to amortize the 
costs over several cycles. Therefore, the integration of a magnetic material makes for an 
ideal combination.157 However, long reaction times and low yields, so far, must be 
significantly improved if they are to be commercially applied feasibly.143 
 
2.1. Advanced design of nanocatalysts for biodiesel 
The research on environmentally friendly and economically viable processes for 
biomass conversion, moving from first to second generation biofuels, has focused on 
developing novel heterogeneous catalysts, stable, easy to recycle and with high efficiency 
and selectivity. As a response to the pressing need for catalyst improvement, especially 
in production of biodiesel, nanocatalysis has clearly emerged offering unique solutions at 
the interface between homogeneous and heterogeneous catalysis. In general, the main 
driving force behind the use of nanocatalysts is their nano-sized solid nature which offers 
the closest approach to the behaviour of a homogeneous catalyst, with the advantages 
of recoverability and recyclability.153, 158, 159 Thus, the high activity of homogeneous 
systems can be similarly provided by the large specific surface areas intrinsic to solid 
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catalysts consisting of nanometric size particles. Furthermore, beyond having the 
advantageous characteristics of both homogenous and heterogeneous systems, 
nanomaterials open the way to new properties, which also originate from their size. The 
extent of electronic delocalization in nanometric materials with strong chemical bonding, 
such as metal nanoparticles, is very sensitive to the particle size. This effect, coupled to 
structural changes, can lead to size-dependent chemical and physical properties, which 
cannot be achieved with microscopic particles. The surface reactivity is among these 
properties, strongly influenced by the atomic coordination at the surface. The latter is 
controlled not only by nanoparticle size but also by its shape, which determines the 
atomic-level structure of the outermost exposed planes.160 In this way, whereas the 
surface of a spherical nanoparticle exposes a wide variety of atomic environments, a cubic 
nanoparticle exposes just one type of atomic structure.  
In addition to influencing the catalytic activity, the control of the nanoparticle 
shape leads to the homogeneity of the surface atomic structure, which directly translates 
into high catalytic selectivity.161 Therefore, the catalytic properties (activity and 
selectivity) of nanocatalysts can be tuned by simply changing the shape and size of their 
active phase.162 At this point it must be mentioned that nanocatalysts include either 
nanometer-sized particles or nanopore-separated materials. Metal, alloy or composite 
nanoparticles can be free or grafted on supports, such as oxides, zeolites or carbonaceous 
substrates, the latter preferably with high surface area to favour the exposure of the 
maximum possible surface area of nanoparticles.  
Beyond the size and shape of nanoparticles, the acid-base properties, type and 
content of metal(s) and porosity are key parameters for the catalytic performance of 
nanocatalysts. Additionally, nanomaterials can be used as supports for enzyme 
biocatalysis. In that sense, nanocatalysts for biodiesel production are typically classified 
according to their alkali, acid or enzymatic nature as base, acid, and bio-nanocatalysts, 
respectively, as illustrated in Figure 9. In general, inorganic nanocatalysts for the synthesis 
of biodiesel mostly include alkaline earth metal oxides (CaO, MgO),162-165 hydrotalcites,166, 
167 zeolites,168, 169 zirconia170 and sulfated oxides.171 Most advanced nanocatalysts have 
been developed to boost the recoverability by exploiting magnetic properties.172-174 Thus, 
combination of some of these catalysts with magnetic materials has prompted the 
evolution of magnetically recoverable nanocatalysts.175 
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Figure 9. Classification of nanocatalysts for the transesterification of triglycerides. 
 
On the other hand, the research on enzyme biocatalysts supported on 
nanomaterials has opened the doors to new technologies for biofuel productions, 
especially characterized by milder reaction conditions, avoiding saponification, and 
requiring simpler product purification.156 In the last years, enzymes have been proposed 
in the form of magnetically recoverable nanocatalysts too.157, 176 Anyway, cost and 
reaction rates using enzymes must be further improved.177 
The main drawback to avoid in nanocatalysis is the sintering of nanoparticles. At 
high temperatures in the reactive environments of many catalytic processes, metal atoms 
are mobile to the point that important changes in size and shape of metal nanoparticles 
are induced. Those structural alterations lead to undesirable effects such as 
inhomogeneity, loss or reversion of selectivity and catalytic deactivation. Therefore, 
sintering in nanocatalysts, unless prevented, may limit their application to low 
temperature ranges and short term use. Utilization of ligands or coating materials such as 
carbon, and inorganic components such as silica, zeolites, polymers and proper metals, 
has demonstrated to be the best solution to hinder nanoparticle agglomeration.178 For 
instance, by coating metal nanoparticles with a mesoporous silica shell, temperatures 
approaching 1000 K without evidence of sintering and with preservation of the shape and 
morphology of nanoparticles have been reached.179 The catalytic activity is not inhibited 
and reactions are not limited by transport of reactants and products through the 
mesoporous silica. This porous coating approach can even enhance selectivity by 
providing additional size and shape selectivity of products depending on how they fit or 
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are inhibited due to constraints imposed by the pores. The same effect applies to zeolites, 
which also play an important multifunctional role on the design of nanocatalysts (i.e. 
increasing the thermal and mechanical stability of supported nanoparticles), affecting 
shape and size product selectivity thanks to their pores, as well as providing tuneable 
acid-base properties and additional cooperative active sites for multistep reactions.180 
However, in the case of zeolites, their characteristic microporosity, which offers 
higher diffusional constraints than mesoporous materials, limits their use to catalyze 
reactions for biodiesel production because it involves large molecules such as 
triglycerides. Moreover, zeolites are usually synthesized in crystal sizes within the 
micrometer range leading to negligible external area surface. 
To overcome the accessibility limitations of zeolites, different approaches have 
been devised such as the synthesis of nanosized zeolite crystals, zeolites with a secondary 
mesopore network or zeolite composites.180 Those creative approaches, separately or 
combined, have allowed the development of new zeolitic materials, the so-called 
hierarchical zeolites, with enhanced accessibility that is suitable for biomass conversion. 
As a case in point, nanocrystalline hierarchical zeolites would contain bimodal micro- and 
mesoporosity, and high external surface area. Therefore, either internal or external active 
sites can catalyse reactions involving molecules used for biodiesel synthesis such as 
triglycerides.180, 181  
All the achievements in the development of advances nanocatalysts mentioned 
above have been possible as a result of the combination of deep understanding of surface 
chemistry and creative use of modern methods for the synthesis of nanostructured 
materials. This interdisciplinary approach has resulted in well-defined nanocatalysts with 
an impressive control over their particle size, shape, morphology and thermal stability, 
which could not have been developed decades ago. To meet the current challenges 
related to the energy- and cost-efficient conversion of biomass into biofuels, efforts 
should focus on the detailed understanding of the mechanisms governing the surface 
catalytic reactions. Such understanding is key to establishing rational strategies for the 
development of new generations of catalysts with predefined enhanced catalytic 
performance for the reactions of interest. 
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2.2. Base nanocatalysts 
Base nanocatalysts are mainly solids with Brønsted and Lewis basic activity 
centres that can accept protons from reactants or supply electrons to them. Among the 
numerous alkali nanocatalysts for biodiesel production, calcium oxides, hydrotalcites and 
zeolites have received more attention. Above all, calcium oxides have been intensively 
studied owing to its higher basicity and activity, long catalyst life times, low cost and mild 
reaction conditions.182-185 Aiming to increase CaO activity, during the last years the 
research has focused on the doping of calcium oxide with different compounds such as 
lithium,186, 187 potassium fluoride188-190 and zinc.191 Recently, a highly active catalyst has 
been prepared by dropping a solution of potassium carbonate into a solution of 
commercial CaO.192 The resulting precipitate was dried and calcined to obtain an activated 
K-doped calcium oxide with a strongly enhanced activity in the transesterification of 
Canola oil, compared with the pure CaO based catalyst. Thus, a maximum yield of 97.76 
% was reached at the low temperature of 338 K with 3 wt% catalyst and a methanol/oil 
molar ratio of 9:1. 
Despite its advantages, the utilization of CaO shows some limitations in the 
recovery step. During the transesterification process, lattice oxygen species form 
hydrogen bonds with methanol and glycerin, increasing the viscosity of glycerin and 
forming solids in suspension with CaO, which is therefore hard to recover.193 
The magnetic functionalization of calcium-oxide overcomes these limitations. 
Thus, Zhang et al.194 combined a magnetic material with calcium oxide and a strontium 
oxide to prepare a magnetic CaO@(Sr2Fe2O5–Fe2O3)catalyst. The catalyst was synthesized 
by a simple co-precipitation method. The catalyst was applied to the transesterification 
of soybean oil into biodiesel, reaching a maximum yield of 94.9 % at 343 K after a 2 h 
reaction, with methanol/oil molar ratio of 12:1, and 0.5 wt% catalyst. Owing to its 
magnetic properties, the catalyst was easily recovered after every cycle, showing high 
efficiency and high stability after five runs. Some hydrotalcites were also successfully 
employed as catalysts for environmentally benign transesterification processes of 
vegetable oils. Deng et al.195 prepared a hydrotalcite Mg/Al (3:1) nanocatalyst by a co-
precipitation method using urea as precipitating agent, followed by a microwave–
hydrothermal treatment. With a charge of 1 wt% catalyst, the transesterification of 
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Jatropha oil reached a yield of 95 % after 1.5 h at 318 K with a methanol/oil molar ratio 
of 4:1. From a commercial point of view, the properties of the biodiesel were close to 
those of the German standard (DIN V51606).  
Xie et al.196 prepared a functionalized zeolite catalyst by coupling SBA-15 with a 
guanidine derivative. The hydroxyl group on the SBA allowed the grafting of the guanidine 
derivative (DCOG), in which the tertiary amine groups acted as active sites for the 
transesterification of soybean oil. Despite reaching a transesterification yield of 92.6 %, a 
rather long reaction time (16 h), high catalysts loading (8 wt%), and high methanol/oil 
ratio (15:1) was required. In any case, DCOG-functionalized SBA-15 showed advantages 
in terms of easy separation and recovery and high stability in the reutilization. Another 
magnetic basic nanocatalyst based on Na2O–SiO2/ Fe3O4 has been recently reported.195 
The catalyst was prepared by loading Na2SiO3 on commercially available Fe3O4 
nanoparticles, using Na2O·3SiO2 and NaOH as precipitant agents. The catalyst with a Si/Fe 
molar ratio of 2:5 showed the best catalytic activity in the transesterification of 
cottonseed oil. The biodiesel yield was strictly related to the methanol/oil molar ratio, 
with the optimum for a 7:1 ratio providing 99.6 % yield to biodiesel, obtained at 333 K 
after 100 min reaction time with a 5 wt% catalyst. 
 
2.3. Acid nanocatalysts 
Acid nanocatalysts usually are less active, but they have much higher tolerance 
to polar impurities such as FFAs and water, owing to their hydrophobic surface, and 
therefore are more suitable for low-quality oil feedstocks with high FFAs content. Acid 
catalysts can simultaneously catalyse the esterification of free fatty acid sand the 
transesterification of triglycerides simultaneously, allowing the use of waste cooking oil 
as feedstock for biodiesel production.197, 198 Most attractive acid nanocatalysts recently 
produced include functionalized magnetic particles, zeolites and zirconia.  
Wang et al.199 obtained a magnetic acid catalyst in the form of sulfamic-and 
sulfonic-acid-functionalized silica-coated crystalline Fe/Fe3O4 core–shell magnetic 
nanoparticles (MNPs). These MNPs have demonstrated to be efficient and recoverable 
catalysts for the biodiesel production from waste cooking oil. As illustrated in Figure 10, 
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the synthesis of the catalysts consists of three steps: preparation of magnetic 
nanoparticles, coating with silica and functionalization. The catalysts were tested in the 
transesterification of glyceryl trioleate and in the esterification of oleic acid in methanol. 
After 20 hours at 373 K, 88 % and 100 % conversion were obtained with MNPs 
functionalized with sulfonic acid or sulfamic acid, respectively. The esterification of oleic 
acid was completed within 4 hours with 100 % of conversion for both catalysts at 343 K 
in methanol. Whereas the sulfonic-acid-functionalized MNPs showed low reusability, with 
a conversion drop to 62 % in the fifth run, sulfamic-acid-functionalized MNPs maintained 
95 %conversion throughout five reaction cycles. 
HUSY, hierarchical H-style ultra-stable Y zeolites, have been studied as highly 
active catalysts for the transesterification process.169 However, the high content of acid 
sites decreases the reusability of the catalysts, thus increasing the production costs. The 
incorporation of cerium on HUSY zeolite has been proposed as a solution to reduce the 
number of acid sites on both the external and micropore surface area of the zeolite, 
increasing the reusability.200 Ce/HUSY was prepared by calcination of NH4USY, followed 
by impregnation with cerium nitrate solution. Before utilization, the catalyst was 
activated through calcination at 573 K for 4 h. The transesterification reaction was 
conducted at 473 K with an ethanol/soybean oil molar ratio of 30:1. Ce/HUSY showed a 
99.5 % conversion after the third cycle, as compared to 96.4 %conversion of HUSY. 
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Figure 10. Preparation of sulfonic acid functionalized magnetic nanoparticles and sulfamic acid 
functionalized magnetic nanoparticles. Taken from ref. 199. Copyright (2015), American 
Chemical Society. 
 
Zirconia nanocatalysts produced by sonochemistry have been recently proposed 
as catalysts for biodiesel production.201 The catalysts were synthesized by an ultrasound-
assisted impregnation/hydrothermal hybrid method, producing nanoparticles of 1–30 nm 
supported on MCM-41. The performance of the catalyst was investigated in the biodiesel 
production from sunflower oil, showing a significantly higher activity than that of the 
same catalyst produced by traditional methods. Biodiesel yield reached 96.9 % at 333 K 
with 5 % catalyst concentration and a methanol/oil molar ratio of 9:1. 
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2.4. Bifunctional nanocatalysts 
Base catalysts are well known for accelerating the alcoholysis reaction, whereas 
acid catalysts are tolerant to the impurity (FFA content) of the feedstocks. The proper 
combination of acid and base functionalities in a single nanocatalyst could gain relevance 
for the fast production of biodiesel in a two-step process from low-grade oils (containing 
high percentage of FFA). For example, biodiesel has been produced from cooking oil using 
25 wt% tungstophosphoric Acid (TPA)/Nb2O5 for the esterification of FFA, whereas 20 
wt% ZnO/Na Y zeolite catalyst was used for the transesterification of the remaining 
feedstock.202 
With that purpose, bifunctional nanocatalysts have been recently proposed as 
advanced solutions for biodiesel production from low-grade oils in a one-step reaction. 
These catalysts, comprising both acid and basic sites, could promote the esterification 
and transesterification at the same time. This technology could reduce the costs of 
biodiesel production not only by replacing a two-step reaction with a one-step, but also 
by avoiding the utilization of high-cost equipment.203 A bifunctional Quintinte-3T 
nanocatalyst was reported as transesterification and esterification promoter for soy, 
canola, coffee and waste vegetable oils with variable amounts of FFAs (0– 30 wt%).204 The 
catalysts were easily prepared by a sol-gel method at 393 K for 24 h, followed by 
calcination at 773 K. This easy synthesis, combined with the natural availability of the 
reagents, made the catalysts economically cheap. The Quintinite-3T catalyst showed high 
activity even after five cycles, maintaining a yield of 96 % in 2 h at 75°C with 10 wt% 
catalyst amount and a methanol/oil molar ratio of 12:1.  
Also Mo-Mn/g-Al2O3-15 wt% MgO has been reported as an efficient catalyst for 
the biodiesel production from waste cooking oil and methanol.205 The catalyst was 
prepared by an impregnation method, using -Al2O3-MgO with small pore diameter (~60 
Å) as support material. The maximum yield of 91.4% was reached in 4 h at 100°C using a 
methanol/oil molar ratio of 27:1 and 5 wt% catalyst. 
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2.5. Epoxidation nanocatalysts 
A recent overview by Danov et al.206 summarizes the progress (past 15 years) in 
the selective epoxidation of vegetable oils and their derivatives, in particular unsaturated 
fatty acids (UFAs) and fatty acid methyl esters (FAMEs). Epoxidized vegetable oils (EVOs) 
have drawn much attention in recent years in the chemical industry owing to their 
environmental friendliness, biodegradability, renewability, high availability and nontoxic 
nature.206 Four major types of catalysts have been extensively employed to produce 
epoxidized fatty acid compounds: homogeneous, heterogeneous, polyoxometalates and 
lipases. EVOs are currently produced industrially using a homogeneous catalytic 
conventional epoxidation process, in which unsaturated oils are converted using 
percarboxylic acids, such as peracetic or performic acid. However, this method suffers 
from several drawbacks such as relatively low selectivity for epoxides owing to oxirane 
ring opening, and corrosion problems caused by the strong acids in an oxidizing 
environment, among others. Thus, in view of the principles of green chemistry, the 
development of new catalytic systems for the selective epoxidation of vegetable oils and 
their derivatives remains a significant challenge that was partially addressed using 
heterogeneous catalysts.206 Epoxidized fatty acids and epoxidized fatty acid methyl esters 
can be promising substitutes of EVOs because the starting materials for their production 
have lower viscosity and higher reactivity, which will significantly increase the 
productivity of the epoxidation process.206 
 
3. Catalytic Production of High Density Fuels 
Despite the abundance of gasoline and diesel-powered motor cars, high 
consumption vehicles such as jets, rockets, heavy trucks and ships require high density 
diesel with high volumetric net heat of combustion (NHOC).207 Commercially available 
high density fuels are derived from petroleum and contain a large amount of naphthalene 
(~35%), which is the main component responsible for the high density.208 Most of the 
recent research on renewable jet fuels has focused on synthetic paraffinic kerosenes 
(SPKs), which are mainly composed of purely paraffinic or isoparaffinic hydrocarbons in 
the C10–14 range, resulting in low densities.209 For example, the commercial JP-8 jet fuel 
has densities from 0.825 to 0.850 g mL-1, with a NHOC of ~120 kBtu gal-1.210 In contrast, a 
Microwave Chemistry and Nanomaterials 
 
  
 
61 
 
normal renewable biodiesel has a density range from 0.73 to 0.76 g mL-1.211 A possible 
solution to the low density of these fuels is to produce high density compounds, such as 
polycycloalkanes, from biomass or plastic waste for blending with SPKs or direct use as 
biofuel. 
 
3.1. Biomass high density biofuels 
The conversion of biomass to high density fuels usually consists of sequential 
steps of different processes including alkylations, oligomerizations, condensations and 
hydrogenations. In all the processes, the employment of catalysts plays a crucial role in 
terms of efficiency, selectivity and yield.212-214 Figure 11 schematically summarizes the 
latest progress, discussed below, in the utilization of nanocatalysts to produce high 
density biofuels.  
Terpenoids are renewable sources of naphthalenes, as they can be extracted 
from pine resins or generated through biosynthesis.215 Specifically, naphthalenes have 
been bioderived from monoterpenes, sesquiterpenes and diterpenes. Harrison et al. 
prepared three new advanced biofuels from sesquiterpene feedstocks.216 The high 
density biofuel was prepared by catalytic hydrogenation using a PtO2 catalyst, starting 
from cedarwood oil as feedstock, which primarily consists of the sesquiterpenes 
thujopsene, -cedrene and -cedrane. The hydrogenated cedarwood oil (HCWO) showed 
a density of 0.917 g mL-1,with a NHOC above 12 % higher than JP-8 commercial fuel. 
 
 
Figure 11. Illustration of recently developed nanocatalysts for the production of high density 
biofuels. 
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As demonstrated by Harvey et al., the blending of multicyclic sesquiterpanes 
with SPK is a valid way to produce high density renewable diesel.217 Sesquiterpanes were 
obtained from commercially available caryophyllene and limonene. Specifically, 
caryophyllane was heated with Nafion SAC-13 and sequentially hydrogenated over PtO2, 
whereas limonene was directly hydrogenated with PtO2. The SPK 5-methylundecane was 
prepared by catalytic (Zr/MAO) oligomerization of 1-hexene and by sequential 
hydrogenation over a Pd/C based catalyst. The resulting biofuel, composed by 65% 
sesquiterpanes and 35% 5-methylundecane, had a cetane number of 45.7, a density of 
0.853 g mL-1 and a volumetric NHOC similar to that of F-76 commercial fuel. 
Interestingly, it should be mentioned that caryophyllane can be also produced in 
a biosynthetic way. Engineered Escherichia coli has been successfully employed as 
biocatalyst for the production of -caryophyllane.218 Sesquiterpenes were obtained by 
assembling a biosynthetic pathway in an engineered E.coli strain. The modified strain, 
namedYJM59, was capable to produce 220 mg L-1 of -caryophyllene in flask culture. In 
fed batch fermentation, after 60 h, the YJM59 strain produced -caryophyllene at a 
concentration of 1520 mg L-1.  
Although terpene and sesquiterpene fuels are interesting because of their high 
density, lignin is more abundant than terpenoids, and therefore more economically 
available.219-222 Chen et al. developed a three-step route to convert cyclopentanol, a 
platform lignocellulose compound, into jet fuel-range polycycloalkanes under solvent-
free mild conditions.223 As illustrated in Figure 12, cyclopentol was firstly dehydrated to 
cyclopentene over solid acids. In the second step, cyclopentene was converted to a 
mixture of polycycloalkenes by oligomerization/rearrangement catalyzed by Amberlyst-
36 resin.  
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Figure 12. An illustration of the reaction route for the production of decaline from cyclopentanol. 
Taken from ref. 223. Copyright (2016), American Chemical Society. 
 
The high activity and stability of the catalyst lead to the overall carbon yield of 
62.2%. In the last step, the mixture of polycycloalkenes was further hydrogenated with 
Pd/C catalyst to a C10 and C15 mixture of polycycloalkanes. The so-produced biofuel 
showed a high density (0.896 g mL-1) and high content of decaline comparable to those of 
commercial JP-900. Another important lignocellulosic platform compound is 
cyclopentanone. In the literature, it has been reported that cyclopentanone can be 
produced by the aqueous-phase selective hydrogenation of furfural from hydrolysis of 
hemicellulose derived from forest residue and agriculture waste.224, 225 This compound 
can be used as building block in the synthesis of jet fuel-range cycloalkanes. High density 
tri(cyclopentane), a polycycloalkane with three carbon rings, has been selectively 
synthesized from cyclopentanone in a dual-bed catalyst system.226 In the first bed, the 
trimerization of cyclopentanone was obtained under solvent free conditions using MgAl-
HT catalysts, obtaining up to 81.2 % carbon yield. The excellent performance of the 
catalyst was explained in terms of high surface area, combined with strong acidity and 
basicity. Furthermore, doping with noble metals such as Pt, Pd and Ru, significantly 
improved the catalytic activity. The best activity was obtained with the Pd-doped catalyst, 
which is highly active in the selective hydrogenation of C=C bond. In the second bed, 
condensation products of cyclopentanone were hydrodeoxygenated over a Ni/Hb zeolite 
catalyst. The overall reaction produced a yield of 80 % totri(cyclopentane) with density of 
0.91 g mL-1, under mild reactionconditions (443 K, 0.1 MPa H2). 
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1-(3-cyclopentyl)cyclopentyl-2-cyclopentyl-cyclopentane has also been 
produced from cyclopentanone.227 The procedure consisted of three steps. In the first 
step, 2-cyclopentylcyclopentanone was obtained through the reaction of cyclopentanone 
and H2 under the catalysis of Raney metal and alkali hydroxides. With the best catalyst 
combination, Raney cobalt with KOH, the carbon yield of 83.3 % was obtained at 353 K. 
In the second step, solvent-free self-aldol condensation produced 2-cyclopentyl-5-(2-
cyclopentylcyclopentylidene)-cyclopentanone with high carbon yield (95 %).  
In the last step,2-cyclopentyl-5-(2-cyclopentylcyclopentylidene)- 
cyclopentanone was hydrogenated over Ni/SiO2 under solvent-free conditions, providing 
a carbon yield of 88.5 %. The catalyst, prepared by conventional deposition-precipitation 
(DP) method, was stable and no deactivation was noticed.228 The obtained biofuel has a 
density of 0.943 g mL-1 and a freezing point of 233 K. These characteristics indicate a 
possible application of the fuels as a substitute for the jet fuel blend J10. 
In the acetone-butanol-ethanol fermentation of hemicellulose, isophorone is 
produced as a by-product.229 Its cyclic chemical structure was exploited to produce high-
density polycycloalkanes.230 In detail, 1,1,3-trimethyl-5-(2,4,4-trimethylcyclohexyl) 
cyclohexane, was produced through three steps. Firstly, isophorone was selectively 
hydrogenated to 3,3,5-trimethylcyclohexanone using Pd/C as catalyst, achieving 99 % of 
carbon yield at room temperature in 1 h with 2 MPa H2 pressure. In the second step, the 
self-aldol condensation of 3,3,5-trimethylcyclohexanone catalyzed with NaOH led to the 
production of 3,5,5-trimethyl-2-(3,3,5-trimethylcyclohexylidene) cyclohexanone. In the 
last step, Ni/SiO2 catalystwas employed in the solvent-free hydrogenation of 3,5,5-
trimethyl-2-(3,3,5-trimethylcyclohexylidene) cyclohexanone, to produce high density 
biofuel (0.858 g mL-1)with a carbonyield of 93.4 %. The biofuel can potentially blend with 
conventional fuels such as RP-1 and RG-1 for rocket propulsion. 
Recently, lignin-derived phenols (phenol, anisole, guaiacol) were successfully 
converted into a low freezing point biofuel.231 The simple process consisted of the 
sequential alkylation of the phenols, followed by hydrogenated intramolecular 
cyclization. The alkylation was performed at 383 K with benzyl ether and benzyl alcohol 
using Montmorillonite K10 (MMT-K10) as catalyst, leading to high conversion of anisole 
(32 %) and high selectivity to mono-alkylated product (68 %). The alkylation product was 
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hydrogenated in the presence of Pd/C and HZSM-5, producing 68.6% of perhydrofluorene 
and 31.4 % of dicyclohexylmethane after vacuum distillation. The biofuel has a density of 
0.93 g mL-1 and a freezing point of 233 K. 
Handling the same lignin-derived phenols, Han et al. developed away to produce 
biofuels with freezing point down to 193 K.232 The synthesis was carried out through an 
alkylation with furfural alcohols (furfuryl alcohol, 5-hydroxymethylfurfural) followed by 
hydrogenation. The alkylation with furfural alcohol was catalyzed with acid catalysts, as 
to generate furfuryl alcohol cations. Whereas FeCl3 showed the best activity for the 
alkylation of anisole and guaiacol, AlCl3 was most active for phenol. After hydrogenation 
over Pd/C and HZSM-5, the biofuel had density of 0.804 g mL-1,extremely close to the 
density of jet fuel blends J10.233  
Although Pd/C catalyst is an extremely active catalyst for the hydrogenation of 
lignin model compounds, it is expensive.234, 235 Non-noble metal catalysts based on Cu, Fe 
and Ni, have been proposed as valid cheaper alternatives.236, 237 Recently, complete arene 
hydrogenation of phenolic compounds was obtained over a nanosized nickel catalyst.238 
The catalyst was prepared through borohydride reduction of Ni2+ to Ni0 with application 
of pyridine as a ligand and using ZSM-5 as support material. Pyridine was necessary for 
the formation of Ni particles of controlled size around 4 nm. The catalyst allowed the 
complete or near complete hydrogenation of the aromatic rings of phenols and its twelve 
derivatives at 453 K in autoclave. 
 
3.2. Plastic derived high density fuels 
A green and captivating way to produce high density fuels could also be tracked 
to the recycling of plastic waste. Nowadays, approximately half of the plastic waste is 
disposed of, as it cannot be recovered. This issue causes several serious environmental 
problems such as ocean plastic pollution.239 Since the direct combustion of plastics 
generates the release of harmful compounds, its catalytic conversion into valuable 
chemicals and fuels has attracted crucial interest.240  
Zhang et al. developed an integrated technology of microwave-induced 
degradation followed by a hydro treating process.241 Low-density polyethylene (LDPE) 
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was employed as a common model compound. In the first step, ZSM-5 catalyst was 
employed as a promoter of the microwave assisted degradation. At 650 K, the carbon 
yield of liquid organics achieved 66%, with a coke yield below 1 %.The sequential 
hydrotreating process using commercially available RANEYS nickel reached up to 95 wt% 
in 2 h at 523 K. The produced fuels showed a high content of cycloalkanes (53 %), which 
places the fuel in the navy fuel density range. 
 
3.3. Other recent biomass-derived fuels 
Renewable high density spiro-fuels have also been synthesized from 
lignocellulose-derived cyclic ketones for the first time, which show higher density, higher 
neat heat of combustion and lower freezing point compared with other biofuels 
synthesized from the same feedstock, and thus represent a new type of renewable high-
density fuel attractive for practical applications (Scheme 2).242 
 
 
Scheme 2. Reaction route for the synthesis of spirocycloalkanes from cyclic ketones. 
 
Bio-oils, produced by the destructive distillation of cheap and renewable 
lignocellulosic biomass, contain high energy density oligomers in the water insoluble 
fraction that can be utilized for the production of diesel and valuable fine chemicals. 
Recently, kraft lignin from black liquor was converted into biodiesel in three steps.243 First, 
a Ni catalyst promoted the reduction of ethers, carbonyls, and olefins using isopropanol 
as H-donor in mild conditions at 140°C and 8.5 bar for 16 h. In the second step, the lignin 
residue was treated with an organo catalyst aiming to achieve an esterified lignin residue 
soluble in light gas oil. Finally, the esterified lignin residue was hydro processed with 
commercial NiMo to produce the biofuel. The produced green fuel has average 
characteristics to qualify as EN590 road diesel.243 More recently, an efficient 
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hydrodeoxygenation catalyst that combines highly dispersed palladium and ultra-fine 
molybdenum phosphate nanoparticles on silica was reported for the hydrodeoxygenation 
of phenol as a model substrate to cyclohexane under mild conditions in a batch reaction 
(100 % conversion, 97.5 % selectivity).244 The catalyst also demonstrated are markable 
regeneration ability in long-term continuous flow tests. Importantly, the synthesized 
catalyst could perform an efficient hydrodeoxygenation of lignin, cellulose, and 
hemicellulose-derived oligomers into liquid alkanes with high efficiency and yields using 
wood- and bark-derived feedstocks. Detailed investigations into the nature of the catalyst 
pointed to a combination of hydrogenation activity (Pd) and high density of both Brønsted 
and Lewis acid sites, which are considered as key features for the observed efficient 
catalytic hydrodeoxygenation behaviour.244  
A new vision of using carbon dioxide (CO2) catalytic processing of oleic acid into C8–15 
alkanes over a nano-nickel/zeolite catalyst has been very recently reported, as shown in 
Figure 13.245 The proposed process employs an innovative catalytic reaction pathway for 
oleic acid transformation in a CO2 atmosphere. C8–15 yields could reach 73 mol% under 
CO2 atmosphere, which is significantly larger than that obtained under hydrogen (H2) 
atmosphere (ca. 50 mol%). In the absence of an external H2 source, products in the range 
of aviation fuel are generated where aromatization of propene (C3H6), oxidative 
dehydrogenation (ODH) involving CO2 and propane (C3H8) and hydrogen transfer 
reactions are responsible for the liberation of hydrogen in oleic acid, achieving its 
rearrangement into the final alkane products.  
 
Figure 13. A representation of the new protocol developed by Xing et al. Taken from ref. 244. 
Reproduced by permission of the Royal Society of Chemistry. 
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The reaction pathway under CO2 atmosphere is significantly different from that 
under H2,as shown by the presence of 8-heptadecene, -stearo lactone, and 3-
heptadecene as reaction intermediates, as well as a CO formation pathway.245 Because of 
the highly dispersed Ni metal centres on the zeolite support in the catalyst, H2 spill over 
is observed under H2 atmosphere, which inhibits the production of short-chain alkanes 
and reveals the inherent disadvantage of using H2. CO2 processing of oleic acid described 
in this manuscript can significantly contribute to future CO2 utilization chemistries and 
provide an economic and promising approach for the production of sustainable alkane 
products within the range of aviation fuels.245 
Last, but not least, an interesting recent dual catalysis approach enables the 
selective functionalization of unconventional feedstocks composed of complex fatty acid 
mixtures with highly unsaturated portions such as eicosapentaenoate (20:5) along with 
monounsaturated compounds, as shown in Figure 7.246 The degree of unsaturation is 
unified by selective heterogeneous hydrogenation on Pd/-Al2O3,complemented by 
effective activation to a homogeneous carbonylation catalyst [(dtbpx)PdH(L)]+ by addition 
of diprotonated diphosphine (dtbpxH2)(OTf)2.Byt his one-pot approach, neat 20:5 as a 
model substrate could be hydrogenated up to 80% to the monounsaturated analogue 
(20:1), and subsequently functionalized to the desired C21 , -diester building block with 
a linear selectivity over 90%. This catalytic approach is demonstrated to be suitable for 
crude microalgae oil from Phaeodactylum tricornutum genetically engineered for this 
purpose, as well as tall oil, an abundant lignocellulosic waste material. Both substrates 
were fully converted with an overall selectivity to the linear , -diester of up to 75%.246 
 
 
Figure 14. Selective functionalization of complex fatty. Taken from ref. 245. Copyright (2017), 
American Chemical Society. 
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In addition to these, other interesting molecules including alkyl levulinates and 
gamma-valerolactone (GVL) have also interesting potential as compounds in biofuel 
blends and solvents. In particular, alkyl levulinates can be produced from lignocellulosic 
feedstocks (C5 sugars) and have been reported to be produced from furfuryl alcohol using 
alumina/SBA-15 heterogeneous catalysts.247  
A 20 wt% Al2O3/SBA-15 catalyst exhibited the best activity in the alcoholysis of 
furfuryl alcohol with n-butanol, giving 94% selectivity toward n-butyl levulinate in a batch 
process, with results also transferable to a continuous flow process. 
 
4. Conclusions and Outlook 
Catalysts usually employed in the synthesis of biofuels are expensive or show other 
disadvantages such as difficult removal from the product, low stability and low selectivity. 
Nanotechnology has developed nanocatalysts with characteristics that can be considered 
intermediate between homogeneous and heterogeneous systems, combining the high 
activity of homogeneous catalysts, with the easy recoverability of heterogeneous solid 
materials. Among the different possible options to produce biofuels, the alcoholysis of 
oils has been frequently applied, especially for the synthesis of biodiesel. Most advanced 
nanocatalysts for the production of biodiesel are base nanocatalysts, acid nanocatalysts, 
and bifunctional nanocatalysts. Base nanocatalysts accelerate the reaction in mild 
reaction conditions, but need pure oils. In contrast, acid catalysts can catalyze the 
alcoholysis of low-grade feedstock, but time consuming processes are required. 
Bifunctional catalysts have been proposed as solutions for biodiesel production from low 
grade oils in a one-step reaction, catalyzing at the same time the transesterification and 
esterification reaction of oils and fats. Nanocatalysts have been successfully employed 
also for the production of high density biofuels. Notably, in addition to the utilization of 
biomass feedstocks such as terpenoids or lignin, high density biofuels have been prepared 
from plastic waste, offering additional possibilities to the conversion of waste-derived 
feedstocks into valuable products (biofuels) as part of the waste valorization concept.  
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Hypothesis I 
Last works on the development of photocatalytically active nanoparticles have 
demonstrated the possibility to achieve high performant materials via green synthetic 
paths. These compounds have been used in different reactions, such as water splitting, 
dehydrogenations or oxidations. A large numbers of research articles have also reported 
the degradation of pollutant dyes as an easily-measurable index of the photocatalytic 
activities as well as a good green chemistry reaction model.1 
In recent years, copper sulphide (Cu2S) have been proposed as a green 
photocatalytic compound with p-type semi-conductor properties, low preparation costs 
and low toxicity characteristics. For example, Cu2S nanoparticles have been used for the 
efficient degradation of methylene blue under UV-Vis light irradiation.2 In addition, 
different  composite compounds, such as Cu2S/Zn0, Cu2S/TiO2 or Cu2S/carbon, have been 
prepared in order to enhance the photocatalytic activity of copper sulphide.3-6  
However, the utilization of non-renewable and/or highly toxic sulphur sources 
compounds as well as the long-term preparation procedures still entail practical and 
sustainable limits in the preparation of these types of materials. Furthermore, most of 
the active materials are design to operate under UV-Vis light irradiation, while the Sun 
mostly emits in the visible and IR regions. 
 
Objective I 
Microwave-assisted synthesis of a novel nano-Cu2S photocatalytically active 
compound for the efficient degradation of a pollutant dye under visible light 
irradiation.7 
Copper sulphide (Cu2S) carbon composite has been prepared using waste pig 
bristles as sulphur and carbon source. The novel compound has been prepared by a 
microwave-assisted hydrothermal treatment of a mixture of ethylene glycol, pig bristles 
and copper chloride. The synthesis have been carried out using a multimode microwave 
oven. The new material has been characterized by X-Ray diffraction (XRD), N2 
physisorption, scanning electron microscopy (SEM-EDX) and UV-Vis spectroscopy. The 
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Cu2S-carbon composite has been employed as catalysts for the photodegradation of 
methyl red under LED visible light irradiation. 
 
Hypothesis II 
The preparation of selective and active nanocatalysts for the synthesis of fine 
chemicals is an extremely captivating challenge. In the last years, several mesoporous 
materials have been studied as supporting materials for the stabilization of gold and silver 
nanoparticles. SBA-15 has particularly emerged due to its high surface area and stability 
under different reaction conditions as well as to the possibility of enhance Lewis acidic 
properties by incorporating Al.8 The most innovative and highly efficient methods for 
supporting the nanoparticles include solvent-less ball milling techniques and fast 
microwave-assisted apporaches.9, 10 
Imidazonoles represent an important class of chemicals for the agrochemical and 
pharmaceutical industry. A large variety of imidazolones has been reported as herbicides, 
insecticides, antifungals, anti-inflammatories as well as antitumor agents while others 
have been tested as cardiotonic, antioxidant, vasodilator and enhancing-memory drugs. 
Recently, the synthesis of imidazolones via the cycloisomerization of ureas, precisely 
propagylureas, has gained attention due to the large availability of starting materials and 
consequential low production costs.11 
Unfortunately, these synthesis usually need the utilization of strong bases or 
expensive homogeneous metal catalysts (e.g., Ag, Au and Ru systems) as well as 
toxic/hazardous chemicals. Alternatively, several substituted imidazolones have been 
recently prepared operating in toluene and employing silver and gold homogeneous 
catalysts avoiding the use of any strong bases and highly toxic chemicals.12, 13 
Nevertheless, the utilization of homogeneous catalysts implied the metal contamination 
in the final product and the high cost of production due to the impossible recovery of the 
catalysts. In addition, despite not highly toxic, toluene is still an undesirable (being also 
cancerogenic)  solvent and its utilization should be limited as much as possible in 
industry.14 
 
Hypothesis and Objectives 
 
  
 
89 
 
Objective II 
Innovative design of nanosilver and nanogold catalysts for the investigation of 
the low toxicity, fast and safe microwave-assisted cycloisomerizations of propargylic 
ureas.15 
A sequence of Au/AlSBA-15 and Ag/AlSBA-15 compounds have been synthesized 
comparing mechanochemistry and microwave-assisted approaches. The heterogeneous 
systems have been employed for the fast, mild and environmentally friendly microwave-
assisted cycloisomerization of propargylic ureas using a monomode microwave oven. 
Specifically, the synthesis were carried out varying the solvents, the reaction conditions 
and the type of catalysts. The results were also combined in order to carry out the 
microwave- assisted reaction using only water as solvent and promoter of the reaction.  
 
Hypothesis III 
Biorefinery processes for the production of biofuels require the utilization of 
stable, cheap and efficient heterogeneous catalysts. The research over magnetically 
recoverable nanoparticles have received special attention due to easy separation of the 
catalysts from the reaction mixture. If on the one hand the most studied magnetically 
recoverable compounds are based on magnetite and maghemite or, more in general, 
ferrite compounds, on the other hand the research have proposed alternative materials, 
such as pure metallic nickel nanoparticles.16-18 
Nickel nanoparticles have been demonstrated to show unique properties 
including high magnetism, high surface area, large surface energy, excellent chemical 
stability, low melting point, and low cost (due to large availability of the metal).19 In the 
last decade, different techniques have been proposed as valid procedures for the 
preparation of Ni nanoparticles composites, including thermal decomposition, pulsed 
laser ablation, sputtering and metal vapor condensation.20, 21 
However, the bibliography is quite limited respect the synthesis of pure metallic 
Ni magnetic nanoparticles. In addition, the few reports are generally based on the so-
called polyol methods (or similar), which need the utilization of a toxic or hazardous 
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reducing agent (e.g. hydrazine or NaBH4) for the preparation of the nanoparticles.22-24 
Finally, low effort has been made for the microwave-assisted synthesis of biofuels using 
Ni nanoparticles as catalysts. 
 
Objective III 
Development of a green microwave-assisted protocol for the preparation of 
magnetically recoverable nickel nanoparticles as active catalysts for the microwave-
assisted synthesis of biofuels from lignin.25 
Metallic nickel nanoparticles have been synthesized modifying a polyol method 
through a fast, simple and environmentally friendly procedure. Specifically, the 
magnetically recoverable nanoparticles have been synthesized hydrothermally heating a 
mixture of ethylene glycol, ethanol and nickel chloride. The procedure has been carried 
out in a monomode microwave oven. The mixture of ethylene glycol and ethanol have 
been proved to work as solvent as well as reducing agent. The parameter combinations 
for the occurrence of the precipitation of Ni nanoparticles were finely studied. The so-
produced nanoparticles were characterized by XRD, N2 physisorption, SEM-EDX and 
transmission electron microscopy (TEM). The nanoparticles were successfully employed 
for the hydrogenolysis of benzyl phenyl ether (BPE), a lignin model compound, in a 
microwave-assisted reaction, using isopropanol as solvent and hydrogen donor. 
 
  
Hypothesis and Objectives 
 
  
 
91 
 
1. Byrne, C.;  Subramanian, G.; Pillai, S. C., Recent advances in photocatalysis for environmental applications. 
Journal of Environmental Chemical Engineering 2018, 6 (3), 3531-3555. 
2. Cao, Q.;  Che, R. C.; Chen, N., Scalable synthesis of Cu2S double-superlattice nanoparticle systems with 
enhanced UV/visible-light-driven photocatalytic activity. Applied Catalysis B-Environmental 2015, 162, 
187-195. 
3. Zhang, J.;  Yu, J. G.;  Zhang, Y. M.;  Li, Q.; Gong, J. R., Visible Light Photocatalytic H-2-Production Activity 
of CuS/ZnS Porous Nanosheets Based on Photoinduced Interfacial Charge Transfer. Nano Letters 2011, 
11 (11), 4774-4779. 
4. Li, D. M.;  Cheng, L. Y.;  Zhang, Y. D.;  Zhang, Q. X.;  Huang, X. M.;  Luo, Y. H.; Meng, Q. B., Development of 
Cu2S/carbon composite electrode for CdS/CdSe quantum dot sensitized solar cell modules. Solar Energy 
Materials and Solar Cells 2014, 120, 454-461. 
5. Zhang, L.;  Zhao, Y.;  Zhong, L. L.;  Wang, Y.;  Chai, S. N.;  Yang, T.; Han, X. L., Cu2S-Cu-TiO2 mesoporous 
carbon composites for the degradation of high concentration of methyl orange under visible light. Applied 
Surface Science 2017, 422, 1093-1101. 
6. Tang, Y.;  Zhang, D.;  Pu, X.;  Ge, B.;  Li, Y.; Huang, Y., Snowflake-like Cu2S/Zn0.5Cd0.5S p-n heterojunction 
photocatalyst for enhanced visible light photocatalytic H-2 evolution activity. Journal of the Taiwan 
Institute of Chemical Engineers 2019, 96, 487-495. 
7. Zuliani, A.;  Munoz-Batista, M. J.; Luque, R., Microwave-assisted valorization of pig bristles: towards visible 
light photocatalytic chalcocite composites. Green Chemistry 2018, 20, 3001-3007. 
8. Qiao, Y.;  Said, N.;  Rauser, M.;  Yan, K.;  Qin, F.;  Theyssen, N.; Leitner, W., Preparation of SBA-15 supported 
Pt/Pd bimetallic catalysts using supercritical fluid reactive deposition: how do solvent effects during 
material synthesis affect catalytic properties? Green Chemistry 2017, 19 (4), 977-986. 
9. Balu, A. M.;  Dallinger, D.;  Obermayer, D.;  Campelo, J. M.;  Romero, A. A.;  Carmona, D.;  Balas, F.;  Yohida, 
K.;  Gai, P. L.;  Vargas, C.;  Kappe, C. O.; Luque, R., Insights into the microwave-assisted preparation of 
supported iron oxide nanoparticles on silica-type mesoporous materials. Green Chemistry 2012, 14 (2), 
393-402. 
10. Ojeda, M.;  Balu, A. M.;  Barron, V.;  Pineda, A.;  Coleto, A. G.;  Angel Romero, A.; Luque, R., Solventless 
mechanochemical synthesis of magnetic functionalized catalytically active mesoporous SBA-15 
nanocomposites. Journal of Materials Chemistry A 2014, 2 (2), 387-393. 
11. Lauder, K.;  Toscani, A.;  Scalacci, N.; Castagnolo, D., Synthesis and Reactivity of Propargylamines in 
Organic Chemistry. Chemical Reviews 2017, 117 (24), 14091-14200. 
12. Peshkov, V. A.;  Pereshivko, O. P.;  Sharma, S.;  Meganathan, T.;  Parmar, V. S.;  Ermolat'ev, D. S.; Van der 
Eycken, E. V., Tetrasubstituted 2-Imidazolones via Ag(I)-Catalyzed Cycloisomerization of Propargylic 
Ureas. Journal of Organic Chemistry 2011, 76 (14), 5867-5872. 
13. Pereshivko, O. P.;  Peshkov, V. A.;  Jacobs, J.;  Van Meervelt, L.; Van der Eycken, E. V., Cationic Gold- and 
Silver-Catalyzed Cycloisomerizations of Propargylic Ureas: A Selective Entry to Oxazolidin-2-imines and 
Imidazolidin-2-ones. Advanced Synthesis & Catalysis 2013, 355 (4), 781-789. 
14. Tomatis, M.;  Xu, H. H.;  He, J.; Zhang, X. D., Recent Development of Catalysts for Removal of Volatile 
Organic Compounds in Flue Gas by Combustion: A Review. Journal of Chemistry 2016. 
15. Zuliani, A.;  Ranjan, P.;  Luque, R.; Van der Eycken, E. V., Heterogeneously Catalyzed Synthesis of 
Imidazolones via Cycloisomerizations of Propargylic Ureas Using Ag and Au/AI SBA-15 Systems. Acs 
Sustainable Chemistry & Engineering 2019, 7 (5), 5568-5575. 
16. Vigneswari, T.; Raji, P., Structural and magnetic properties of calcium doped nickel ferrite nanoparticles 
by co-precipitation method. Journal of Molecular Structure 2017, 1127, 515-521. 
17. Duman, F.;  Sahin, U.; Atabani, A. E., Harvesting of blooming microalgae using green synthetized magnetic 
maghemite (gamma-Fe2O3) nanoparticles for biofuel production. Fuel 2019, 256, 115935. 
Hypothesis and Objectives 
 
 
 
92 
 
18. Polshettiwar, V.;  Luque, R.;  Fihri, A.;  Zhu, H.;  Bouhrara, M.; Bassett, J.-M., Magnetically Recoverable 
Nanocatalysts. Chemical Reviews 2011, 111 (5), 3036-3075. 
19. Wu, S. H.; Chen, D. H., Synthesis and characterization of nickel nanoparticles by hydrazine reduction in 
ethylene glycol. Journal of Colloid and Interface Science 2003, 259 (2), 282-286. 
20. Baskaya, G.;  Yildiz, Y.;  Savk, A.;  Okyay, T. O.;  Eris, S.;  Sert, H.; Sen, F., Rapid, sensitive, and reusable 
detection of glucose by highly monodisperse nickel nanoparticles decorated functionalized multi-walled 
carbon nanotubes. Biosensors & Bioelectronics 2017, 91, 728-733. 
21. Wu, M. S.;  Jao, C. Y.;  Chuang, F. Y.; Chen, F. Y., Carbon-encapsulated nickel-iron nanoparticles supported 
on nickel foam as a catalyst electrode for urea electrolysis. Electrochimica Acta 2017, 227, 210-216. 
22. Logutenko, O. A.;  Titkov, A. I.;  Vorob'yov, A. M.;  Balaev, D. A.;  Shaikhutdinov, K. A.;  Semenov, S. V.;  
Yukhin, Y. M.; Lyakhov, N. Z., Effect of molecular weight of sodium polyacrylates on the size and 
morphology of nickel nanoparticles synthesized by the modified polyol method and their magnetic 
properties. European Polymer Journal 2018, 99, 102-110. 
23. Galhardo, T. S.;  Goncalves, M.;  Mandelli, D.; Carvalho, W. A., Glycerol valorization by base-free oxidation 
with air using platinum-nickel nanoparticles supported on activated carbon as catalyst prepared by a 
simple microwave polyol method. Clean Technologies and Environmental Policy 2018, 20 (9), 2075-2088. 
24. Mokrane, T.;  Boudjahem, A. G.; Bettahar, M., Benzene hydrogenation over alumina-supported nickel 
nanoparticles prepared by polyol method. RSC Advances 2016, 6 (64), 59858-59864. 
25. Zuliani, A.;  Balu, A. M.; Luque, R., Efficient and Environmentally Friendly Microwave-Assisted Synthesis 
of Catalytically Active Magnetic Metallic Ni Nanoparticles. ACS Sustainable Chemistry & Engineering 2017, 
5 (12), 11584-11587. 
 
  
Results and Discussion 
 
  
 
93 
 
 
 
Results and Discussion 
 
 
  
Results and Discussion 
 
 
 
94 
 
  
Results and Discussion 
 
  
 
95 
 
Microwave-assisted valorization of pig bristles: towards visible 
light photocatalytic chalcocite composites 
Alessio Zuliani,a* Mario J. Muñoz-Batistaa and Rafael Luquea, b*‡‡‡‡ 
Green Chem., 2018, 20, 3001-3007 
 
 
 
  
 
a Departamento de Quimica Organica, Universidad de Cordoba, Edificio Marie-Curie (C-3), Ctra Nnal IV-A, Km 
396, Cordoba, Spain 
b Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya Street, 117198, Moscow, 
Russia 
 
Reproduced by permission of The Royal Society of Chemistry, link to publication: 
https://pubs.rsc.org/en/content/articlelanding/2018/gc/c8gc00669e#!divAbstract 
Results and Discussion 
 
 
 
96 
 
Abstract: Waste valorization for the production of valuable materials is of great 
importance for a sustainable development. Herein, a new green methodology for the 
synthesis of photocatalytically active copper sulfide (Cu2S) carbon composites using pig 
bristles is reported. The catalyst was prepared via microwave-assisted methodology using 
ethylene glycol as solvent, pig bristles as sulfur and carbon source, and copper chloride as 
metal precursor. Cu2S carbon composites (denoted as pb-Cu2S, where “pb” states for “pig 
bristle”) were characterized by XRD, N2 physisorption, EDX and UV-Vis spectroscopy. In 
order to validate the practical utilization of pig bristles- derived chemicals, the 
photocatalytic degradation of methyl red using pb-Cu2S was investigated under white, 
blue, green and red visible light irradiation. 
 
1. INTRODUCTION 
Moving our society dependence away from petroleum to renewable biomass 
resources is one of the most important challenges for a future development of sustainable 
industries.1 An extremely captivating challenge is the valorization of bio wastes for the 
production of valuable chemicals.2 Considering EUROSTAT data (EU 28 countries), ca. 250 
million pigs were slaughtered in the European Union in 2017.3 Since each slaughtered pig 
delivers ~0.9 kg of pig bristles, approximately 225 k tons of wasted pig bristles are 
produced annually.4 Despite such large quantities of waste products, research on new 
ways of valorization of pig bristles has not received the pulse to upsurge to date. Boiled 
(sanitized) pig bristles are exclusive commercial products currently employed in brushes 
factories. Therefore, as every commercially available product, boiled pig bristles could be 
easily collected and studied in laboratory scale aiming to provide potential roadmaps for 
the valorization of wasted pig bristles at industrial scale.  
Only counted reports about the reutilization of wasted pig bristles are available 
in literature. Importantly, they are limited to the reutilization of pig bristles as sources of 
fodder food supplements (e.g. for the high content of keratin).4-7 
Herein we report an unprecedented simple route for the valorization of pig 
bristles for the production of a high performance material as photocatalyst. Specifically, 
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the synthesis of Cu2S carbon nanocomposite (denoted as pb-Cu2S, where “pb” states for 
“pig bristle derived”) was accomplished using pig bristles as sulphur and carbon source.  
Since biorefineries should be based on new, highly efficient and sustainable 
strategies for biomass conversion,1, 8-10 we have also employed a microwave approach for 
the synthesis of pb-Cu2S. 
Microwave-assisted reactions offer several advantages that include fast reaction 
time, the possibility to obtain higher yields, different selectivity as well as the potential to 
accomplish reactions/chemistries that generally do not take place under conventional 
heating conditions.11-15 In addition, the unique characteristics of microwave assisted 
reactions are attracting lot of attentions for the valorization of biomass.16-20 
Based on our experience in microwave chemistry, we have developed an 
environmentally friendly, simple and straightforward method for the valorization of pig 
bristles under microwave-assisted conditions.17, 18, 21-24 A low-toxicity mixture of ethylene 
glycol, copper chloride and pig bristles, was treated in a microwave oven to directly obtain 
pb-Cu2S avoiding any calcination steps. Where appropriate, a small amount of sodium 
hydroxide was used to optimize the synthesis and favour the formation of copper 
sulphide in the form of the more photocatalytically active Chalcocite crystals. The material 
was characterized by XRD, N2 physisorption, EDX and UV-Vis spectroscopy, demonstrating 
the formation of Cu2S carbon composites. 
In order to validate the practical utilization of pig bristles- derived chemicals, pb-Cu2S was 
tested as photocatalyst. 
Indeed, photochemistry is widely studied for harvesting the sunlight radiation 
with clean and green conversion to chemical power though different materials.25-27 In 
detail, semiconductors with a specific band gap can resonate if irradiated with a light of a 
specific wavelength producing electrons and holes, consequently generating active 
hydroxyl radicals in solution.28 These hydroxyl radicals can degrade organics by advanced 
oxidation processes (APOs).29 
Considering that Cu2S is a p-type semiconductor with a narrow bulk band gap of 
1.2 eV, the synthesized material could be a suitable photocatalyst under visible light 
irradiation.30 The photocatalytic activity of pb-Cu2S was tested in the photodegradation 
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of a toxic and contaminant colorant. Truly the environmental impact caused by dye used 
in the textile industries is one of the most sensible: because  of  their  toxicity and ability 
to reduce the uptake of light; dyes interfere  with  the photosynthesis of aquatic plants 
hence having a direct impact in the oxygen content of water sources. Therefore, the 
degradation of contaminant dyes is of remarkable importance. The photodegradation of 
methyl red dye (CI 13020) catalysed by pb-Cu2S, was investigated under visible light and, 
in order to deeply understand the activity of the catalyst in function of specific 
wavelength, under red, green, and blue light. Lighting emitting diodes (LEDs) were 
employed pointing to the design of an efficient photoreactor.31 
 
2. EXPERIMENTAL SECTIONS 
Copper (I) chloride (CuCl, 98.8%) was purchased from Panreac Quimica SLU, 
Barcelona, Spain. Ethylene glycol (HOCH2CH2OH, 99.9%), methyl red (4-
Dimethylaminoazobenzene-2'-carboxylic acid), TiO2 (Titanium (IV) oxide nanopowder, 
Aeroxide® P25), sodium hydroxide (NaOH) and ethanol (CH3CH2OH, 99.5%) were 
purchased from Sigma-Aldrich Inc., St. Louis, MO, USA. All reagents were used without 
any further purification. 
  
2.1 Synthesis of pb-Cu2S with microwave assisted method 
In a typical synthesis, pig bristle (1.5 g, cut in pieces of ~0.5 cm) and the metallic 
precursor CuCl (480 mg, 4.85 mmol) were added to ethylene glycol (20 mL) in a 50 mL 
Teflon microwave tube equipped with a stirrer. Eventually, different amount of NaOH (up 
to 100 mg, 2.5 mmol) where added to the mixture to favour the formation of the more 
photocatalitycally active Chalcocite crystals. The mixture was sequentially stirred for 10 
minutes at 700 rpm at room temperature. Successively, the tube was introduced into a 
Milestone Ethos D (Milestone Srl, Italy) microwave reactor. The tube was irradiated with 
microwaves at 500 W using a temperature ramp of 3 minutes and maintained at 
maximum 200°C for one additional minute. After the reaction, the mixture was cooled to 
room temperature naturally. The precipitate was filtrated and washed with 10 mL ethanol 
and 10 mL acetone and oven dried (100°C) for 24 h. 
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2.2 Synthesis of pb-Cu2S with conventional heating 
To avoid any safety issue (please see below paragraph 2.3 for details) the 
synthesis of optimized pb-Cu2S under conventional heating was carried out in an oil bath. 
Pig bristle (1.5 g, cut in pieces of ~0.5 cm), sodium hydroxide  and the metallic precursor 
CuCl (480 mg, 4.85 mmol) were added to ethylene glycol (20 mL) in a 250 mL round flask 
equipped with a stirring bar and a reflux. The mixture was heated in an oil bath for 6 h at 
200°C. The precipitate was filtrated and washed with 10 mL ethanol and 10 mL acetone 
and oven dried (100°C) for 24 h. 
 
2.3 IMPORTANT Warning notes about mixing ethylene glycol and NaOH 
Despite no significant pressure increases nor safety issues (overtemperature, 
pressure, explosions, etc.) were never detected during all the experiments, an important 
note on the utilization of ethylene glycol mixed with NaOH should be stated. Indeed, 
during late 60’s, a few incidents occurred in some industrial plants while operating with 
ethylene glycol and sodium hydroxide.32 Even though the toxically problems were related 
to other components in the reactors (e.g. dioxins) and not to the mixture of EG and NaOH, 
some important safety procedures must be mentioned. As demonstrated by Milnes, an 
exothermic decomposition of ethylene glycol mixed with NaOH could start in the 230°C 
range and rapidly increases to 400°C, realising white vapour.33 The exothermal reaction is 
related to the decomposition of sodium 2-hydroxyethoxide (NaOCH2CH2OH), which 
rapidly forms the vapour. It should be notice that the amount of sodium hydroxide should 
be quite high to form enough quantity of the sodium 2-hydroxyethoxide and cause a rapid 
vapour release. For example, in the cases of industrial incidents, the amount of ethylene 
glycol and NaOH was 3:1 in weight.32 In order to operate in safe conditions and avoid any 
uncontrollable issue, all the reactions were made operating at maximum 200°C for 
maximum four minutes. In addition, the maximum weight ratio of ethylene glycol and 
NaOH was set to 180:1. In order to avoid any explosions, all the operation were made 
using a Teflon tube equipped with a safe vale (48 bar max pressure). All the reactions 
were carefully monitored, controlling both internal and external temperature, and setting 
safe temperature limits of 200°C as internal temperature limit and 60°C as external 
temperature limit. Due to the impossible control of the online internal temperature of an 
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autoclave and the absence of any safe vale, no reactions under conventional heating were 
carried out in closed containers. 
 
2.4 Characterization 
Powder X-ray diﬀraction (XRD) pattern of pb-Cu2S was recorded using a Bruker 
D8 DISCOVER A25 diffractometer (PanAnalytic/Philips, Lelyweg, Almelo, The Netherlands) 
using CuKa (λ=1.5418Å) radiation. Wide angle scanning patterns were collected over a 2θ 
range from 10° to 80° with a step size of 0.018° and counting time of 5 s per step. 
Textural properties of the samples were determined by N2 physisorption using a 
Micromeritics ASAP 2020 automated system (Micromeritics Instrument Corporation, 
Norcross, GA, USA) with the Brunauer-Emmet-Teller (BET) and the Barret-Joyner-Halenda 
(BJH) methods. The samples were outgassed for 24 h at 100 °C under vacuum (P0 = 10−2 
Pa) and subsequently analysed. 
Scanning electron microscopy images were recorded with a JEOL JSM-6300 
scanning microscope (JEOL Ltd., Peabody, MA, USA) equipped with Energy-dispersive X-
ray spectroscopy (EDX) at 15 kV at the Research Support Service Center (SCAI) from 
University of Cordoba.  
 
2.5 Photocatalytic activity measurements 
The photocatalytic activity of pb-Cu2S was evaluated in the degradation rate of 
methyl red (C.I. 13020) under visible-light irradiation. The experimental set up consisted 
in a 50 mL Pyrex glass tube irradiated by a commercially available LED lamp 6A. The 
distance between the lamp and the tube was set up to 2 cm. (see S.1 for a schematic 
illustration of the reactor). The mixture was irradiated with blue (peak centred at 465 nm), 
green (peak centred at 515 nm), red (peak centred at 630 nm) and white (as simultaneous 
irradiation of the three light) visible lights. Fig. 1 shows the emission spectrum of LED 
lamp: the three different colour components and the white light. 
In a typical experiment, 10 mL ethanol solution of methyl red (50 ppm) was 
mixed with 5.0 mg of pb-Cu2S in a 50 mL Pyrex glass tube equipped with a stirrer. Before 
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irradiation, the mixture was sonicated for 30” in an US bath in order to achieve a good 
homogenization of the solution. After the photoreaction runs, samples of 0.35 mL were 
withdrawn from the solution at regular time intervals and diluted in 2 mL ethanol. Before 
UV-Vis absorption measurements, the solutions were filtrated to remove the catalyst. The 
quantitative determination of residue methyl red was conducted by measuring the 
absorption at a fixed wavelength. For comparison, the methyl red degradation was 
conducted under the same condition without any catalysts and employing commercially 
available Aeroxil®P25 TiO2. UV-visible (UV-vis) absorption spectra were recorded using a 
Lambda 365 UV-Vis Spectrophotometer (PerkinElmer, Waltham, MA, USA). 
 
 
Fig. 1 Emission spectra of the LED lamp and the three mayor light components used in the 
photocatalytic degradation of methyl red. 
 
3. RESULTS AND DISCUSSION 
3.1 Formation of pb-Cu2S 
A facile, fast and low toxicity one-pot route is herein reported for the synthesis 
of Cu2S carbon composites from wasted pig bristles. As illustrated in Scheme 1, the 
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preparation involved a simple microwave assisted heating step of a mixture of pig bristles, 
copper (I) chloride, ethylene glycol and, where appropriate, sodium hydroxide. 
 
 
Scheme 1 Reaction scheme for the synthesis of pb-Cu2S 
 
The formation of pb-Cu2S could be explained in terms of thermo-degradation of 
pig bristles, which served as source of sulphur and carbon. As reported by Gonzalo et al., 
pig bristles are mainly composed of keratin, an insoluble protein packed with cross-linked 
fibres by disulfide bonds.4 The disulphide bonds are found in cysteine, while other amino 
acids containing sulfur are methionine and cysteic acid. In general, the total amount of 
sulphur contained in pig bristles could be quantified as ca. 5% wt.5, 34, 35 Pig bristles started 
to decompose upon microwave irradiation at high temperature and sulphur, mainly in the 
form of ions, was released. Copper sulfide was then formed by combining S2- with Cu+ and 
particles were self-aggregated to minimize the surface energy. During the aggregation 
step, the particles bind together with pig bristles residual carbon, as observed in SEM 
images.  
Sodium hydroxide was employed in order to optimize the synthesis and 
accelerate the degradation of pig bristles and the formation of Chalcocite, which was 
found to be the most photocatalytically active crystalline form of copper sulfide. 
However, as shown in Fig.2, NaOH was not essential for the formation of Cu2S. The 
optimized sample was synthesized using 100 mg of NaOH (2.5 mmol).  Based on previous 
experience, ethylene glycol was chosen for its ideal stabilising behaviour, low toxicity, 
high boiling point (198°C) and high viscosity under MW heating.24 Aiming to make Cu2S, 
the molar amount of sulphur, therefore the amount of pig bristles (1.5 g equals to 2.34 
mmol of S), and copper (4.85 mmol) was set up to an ideal 2:1. XRPD and SEM-EDX 
analysis confirmed the formation of copper sulfide carbon composites. 
The synthesis of pb-Cu2S under conventional heating was carried out aiming to 
investigate the effect of MWs in the formation of the material. Due to safe issues 
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described in paragraph 2.3, conventional heating experiments were ran in an oil bath 
open vessel at 200°C. The formation of the first crystals of Cu2S was detected after 6 h of 
reaction by XRPD analysis. The pattern of the obtained material was compared with the 
material obtained in the microwave, confirming the efficiency of microwave heating for 
the crystallization of Cu2S. (for the XRD patterns comparison, please see S.2). 
 
3.2 Morphology and Properties of pb-Cu2S 
Fig.2 shows the XRPD pattern of the prepared pb-Cu2S. Cu2S was found in all the 
samples, while the crystalline form of Chalcocite was facilitated by the addition of 
different amount of NaOH (from 10 mg/0.25 mmol to 100 mg/2.5 mmol). Considering the 
pattern of the optimized sample, produced with 2.5 mmol of NaOH, the most intense 
diffraction peaks observed at 2θ values of 23.85°, 26.90°, 28.15°, 30.25°, 32.85°, 37.45°, 
45.95°, 47.45°, 53.75° and 73.82° could be index to (2 4 2), (1 8 0), (2 6 2), (0 9 1), (0 4 4), 
(1 11 1), (2 13 1), (6 6 2), (4 0 6) and (0 20 3) planes of Chalcocite Cu2S with orthorhombic 
structure (JCPDS 00-023-0961).36 (For a complete list of the peaks and the assigned planes 
please see Table S.2) 
The morphology of optimized pb-Cu2S was investigated by SEM and EDX 
spectrum. Fig.3 shows SEM images of the material. The material exhibited a structure that 
can be defined as coral-like homogeneous structure where fine granular particles were 
aggregated together. The structure rose from the fast degradation of the pig bristles, 
which left fine homogeneous carbon particles residues. The agglomeration of the carbon 
particles with the Chalcocite built the coral-like structure. 
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Fig. 2 XRD pattern of pb-Cu2S produced with different amount of sodium hydroxide. All the 
samples showed copper sulfide, while the increasing of the content of NaOH facilitated the 
formation of Chalcocite, more photocatalytically active. 
 
 
Fig. 3 SEM images of pb-Cu2S. 
 
SEM-EDX mapping results are summarized in Fig.4. Sulfur atomic content 
average was measured as ~13%, while copper content was determined to be ~31%. The 
atomic ratio about 2:1 between Copper and Sulfur was in line with XRPD analysis, which 
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demonstrated the formation of Chalcocite Cu2S. The atomic content of carbon was 
determined to be ~50%, or ~20% weight. Except for oxygen, most likely absorbed as CO2, 
no other elements were detected in EDX analysis, pointing to a high purity of the material. 
The closeness of EDX mapping results in different area demonstrated a good homogeneity 
of the sample. (For the complete results of EDX mapping, please see S.4) 
 
 
Fig. 4 SEM-EDX mapping results of pb-Cu2S. 
 
Brunauer−Emmett−Teller (BET) physisorption was conducted to determine the 
speciﬁc surface area of pb-Cu2S carbon composite by nitrogen adsorption−desorption 
measurements. The BET surface area was found to be 17-20 m2/g, with isotherms clearly 
indicating a non-porous material, in good agreement with SEM analysis. (ESI, Figure S.5) 
To investigate the optical behaviour of pb-Cu2S, UV-Vis absorption spectrum was 
recorded, and reported in the form of Kubelka-Munk, as shown in Fig.4 A. The spectrum 
exhibited an adsorption edge at ca. 1050 nm, remarkably higher as compared to reported 
Chalcocite phases.30, 37 This can be explained by the presence of carbon. The spectrum 
clearly showed that the pb-Cu2S could absorb visible light and hence pb-Cu2S can be a 
promising photocatalytic material. The optical band gap was obtained by the equation:38 
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(αhν) n=A(hν-Eg) 
 
To determine the energy bad gap, (αhν) 2 vs (hν) was plotted, as shown in Fig.4 
B ("α" was the absorption coefficient, "hν" was the photon energy and “A” was a 
constant, “Eg” was the band cap and “n” was either ½ for an indirect transition or 2 for a 
direct transition). The plot gave a straight line whose intercept on the energy axis resulted 
in the direct energy gap. Fig. 4 C shows the plot of (αhν) 1/2 vs (hν) used to calculate the 
indirect band gap. The band gap obtained for pb-Cu2S were 1.17 eV (direct) and 0.85 eV 
(indirect), remarkably reduced as compared to reported values for Chalcocite.39 
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Fig.4 Optical measurements of as-synthesized pb-Cu2S. (A) Kubelka Munk spectra. (B) Plot of 
(αhυ)2 vs photon energy hν for determination of direct band gap. (C) Plot of (αhυ)1/2 vs photon 
energy hν for determination of indirect band gap. 
 
3.3 Photocatalytic activity measurements 
The photocatalytic activity of pb-Cu2S was demonstrated in the 
photodegradation of a model organic dye. Methyl red (CI 13020), a commercially 
available dye used in industry, was chosen as model compound for pollutants removal. In 
fact, methyl red is an environmentally recalcitrant, possible carcinogen and toxic agent, 
and its degradation has important impact. 
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Despite all the materials showed photocatalytic properties, most active pb-Cu2S 
was in the form of Chalcocite (please see S.6 for a comparison of the photocatalytic 
activity of pb-copper sulfide and pb-Chalcocite).  
Two diﬀerent sets of blank experiments for the dye solution were performed. 
The activity of optimized pb-Cu2S was compared with the activity of commercial 
Aeroxil®P25 TiO2 and with a blank run (to ascertain potential photobleaching of the dye) 
in the same reaction conditions. Results are shown in Fig.5 and clearly point out a 
remarkable dye degradation performance of pb-Cu2S under white LEDs irradiation (black 
line), particularly with a negligible degradation observed for P25 (dotted black line). pb-
Cu2S could also provide certain photodegradation activity at different wavelengths (465, 
515 and 630 nm).   
To better understand the activity of the catalyst, the kinetic parameters were 
evaluated by pseudo first-order model: lnC0/Ct = kt. 30 Results are illustrated in Fig.6 while 
k and R2 data are given in table 1. The closeness of R2 to 1 indicated a good fitting of the 
data to pseudo-first order reaction. 
 
 
Fig. 5 Photodegradation of methyl red catalysed by pb-Cu2S in function of time at different 
wavelength irradiation. 
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Fig. 6 Plot of -ln(Ct/C0) versus irradiation time. 
 
Irradiation light k / min-1 R2 
White 0.00273 0.98924 
630 nm 7.42643 x 10-4 0.98748 
515 nm 9.11448 x 10-4 0.98115 
465 nm 6.31303 x 10-4 0.98513 
 
Table 1 k and R2 data. 
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4. CONCLUSIONS 
An unprecedented approach for the valorization of pig bristles to valuable 
photoactive materials has been developed. The use of environmentally friendly reagents 
and the utilization of microwaves provide an environmentally sound, facile, efficient and 
fast synthetic route. Pig bristles were used as sulphur and carbon source for the synthesis 
of copper sulfide carbon composite. The material was used as photocatalyst for the 
degradation of methyl red, with promising results that may pave the way to the utilisation 
of pb-Cu2S in a wide range of applications not limited to the field of photochemistry.  
The new method successfully demonstrated, for the first time, the possibility to 
valorize wasted pig bristles. We believe the proposed eco friendly approach could act as 
springboard for the development of additional applications for wasted pig bristles that 
will be reported in due course. 
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S.1 Schematic illustration of the photoreactor employed for degradation of methyl red 
  
 
S.1 B Illustration of the 
photoreactor 
S.1 B section of the 
photoreactor 
S.1 C Top view of the 
reactor 
 
S.2 XRD patterns of pb-Cu2S produced by thermal and MWs heating with 100 mg NaOH 
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S.3 XRD peaks of pb-Cu2S 
 
pb-Cu2S Chalcocite, 00-023-0961  
  Pos. [°2Th.] Intensity h k l d Pos. [°2Th.] Intensity 
1 23,876 19,8 2 4 2 3,73 23,836 20 
2 24,8053 10,57 3 0 2 3,59 24,78 16 
3 27,309 13,81 4 2 0 3,27 27,25 25 
4 28,1707 18,84 2 6 2 3,18 28,037 40 
5 29,2486 14,15 2 4 3 3,05 29,258 20 
6 30,2957 28,09 1 9 1 2,873 31,104 16 
7 32,924 33,35 0 4 4 2,718 32,927 55 
8 33,5561 9,13 2 2 4 2,659 33,679 25 
9 35,4024 17,27 4 2 3 2,524 35,539 40 
10 36,3388 22,3 4 3 3 2,469 36,358 45 
11 37,4597 65,23 1 11 1 2,396 37,507 85 
12 38,6774 14,92 1 7 4 2,325 38,697 40 
13 40,8337 22,35 2 2 5 2,207 40,855 30 
14 42,6074 8,52 4 4 4 2,117 42,675 12 
15 43,3759 32,1 1 9 4 2,093 43,189 10 
16 45,9566 100 2 13 1 1,977 45,863 100 
17 48,463 92,33 2 14 0 1,876 48,486 90 
18 50,7156 9,61 5 9 3 1,797 50,765 14 
19 53,7104 28,73 4 0 6 1,704 53,751 35 
20 58,2692 3,14 6 0 5 1,632 56,328 10 
21 60,5742 5,51 4 8 6 1,526 60,634 25 
23 69,3398 1,8 6 8 6 1,361 68,941 10 
24 73,8131 9,77 0 20 3 1,291 73,263 20 
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S.3 SEM-EDX mapping results of pb-Cu2S 
Element Wt% Wt% Sigma Atomic % 
C 20.01 0.62 49.84 
O 4.73 0.21 8.85 
S 12.73 0.19 11.88 
Cu 62.52 0.55 29.43 
Total: 100.00  100.00 
 
 
Element Wt% Wt% Sigma Atomic % 
C 20.73 0.66 51.31 
O 4.51 0.23 8.38 
S 11.58 0.19 10.74 
Cu 63.19 0.59 29.57 
Total: 100.00  100.00 
 
 
Element Wt% Wt% Sigma Atomic % 
C 22.18 0.54 53.94 
O 4.06 0.19 7.42 
S 10.49 0.16 9.56 
Cu 63.27 0.49 29.09 
Total: 100.00  100.00 
 
 
Element Wt% Wt% Sigma Atomic % 
C 15.53 0.75 42.74 
O 3.14 0.22 6.49 
S 16.51 0.27 17.03 
Cu 64.82 0.65 33.74 
Total: 100.00  100.00 
 
 
Element Wt% Wt% Sigma Atomic % 
C 17.10 0.73 45.66 
O 3.30 0.22 6.63 
S 15.21 0.25 15.21 
Cu 64.39 0.63 32.51 
Total: 100.00  100.00 
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S.5 N2 adsorption−desorption isotherm of pb-Cu2S 
 
 
S.6 Photodegradation of methyl red catalysed by pb-Cu2S obtained with different amount of 
NaOH.  
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Abstract: The synthesis of imidazolones through the cycloisomerization of ureas, 
specifically propagylureas, has gained attention due to the large availability of starting 
materials. However, this type of synthesis normally requires the utilization of strong bases 
such as NaOH, expensive homogeneous metal catalysts such as Ag, Au and Ru-based 
systems, or toxic and hazardous chemicals. Herein, a study of different synthetic routes 
for the preparation of imidazolones through the cycloisomerization of propargylic ureas 
under fast, mild and environmentally friendly conditions under heterogeneous catalysis 
was explored. Firstly, the synthesis were carried out under mild conditions using toluene 
and acetonitrile as solvents. Silver and gold nanoparticles supported on AlSBA-15 were 
used as heterogeneous catalysts. The catalysts were prepared by mechanochemical and 
microwave-assisted techniques. Sequentially, a range of solvents were replaced by the 
greener ethanol. Finally, all obtained results were combined in order to carry out the 
reaction using only water as solvent and promoter of the reaction. Aiming to expedite the 
procedure, the synthesis were carried out under conventional and microwave irradiation. 
 
INTRODUCTION 
Imidazolones are well known compounds widely used in industries for the 
preparation of different chemicals, agrochemicals and pharmaceuticals. Indeed, due to 
the existence of tautomeric forms, they can easily interact with biopolymers and 
receptors present in living systems which account for the different biological activities.1 
Some substituted imidazolones were found to be herbicides, insecticidal, antifungal, anti-
inflammatory and antitumor agents while others showed cardiotonic, antioxidant, 
vasodilator and enhancing-memory properties.2-5 For example, in 2008 Congiu et al. 
reported imidazole-2-one derivatives as active anti-tumoral against human cancer cells.6 
More recently, some other imidazolone derivatives were demonstrated to show high 
hypertensive activity by molecular modelling approaches.7 Imidazolones have been also 
proved to be novel ligands for the synthesis of catalytically active complexes with 
transition metals. Tiow-Gan and co-workers reported the hydroamination of 
aminoalkenes with zirconium complexes supported on imidazolones.8  
As a result, the preparation of substituted imidazolones is gaining more attention 
day by day. The most studied methods for the preparation of imidazolones include the 
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synthesis from acyloins and ureas,4 the intramolecular cyclization of ureidoacetals, 
ureidoxazinanes and ureidoketones9 or the transformations of imidazole derivatives such 
as imidazolidine-diones or imidazole-oxides.10 During recent years, the synthesis of 
substitued imidazolones from ureas, specifically from propargylureas, as illustrated in 
Scheme 1, have gained more attention due to the large availability of the starting 
materials propargylureas and isocynates.11 In fact, diverse type of propargylamines can 
be synthesized in one-pot reactions through A-3 coupling of alkynes, amines and 
aldheydes, which are starting material of low economic impact. However, the 
cycloisomerization of propargylic ureas normally requires the utilization of strong bases, 
such as KOH or NaOH, or the use of highly toxic, hazardous and expensive chemicals, 
limiting the applicability in terms of safety, waste/by-products production and 
environmental impact.12,13 The challenge of developing sustainable and low toxicity paths 
for the efficient cycloisomerization of proparygylureas is therefore a captivating topic. 
 
 
Scheme 1. General scheme of cycloisomerization of propargylic urea 
 
In some previous works we have synthesized several substituted imidazolones 
starting from propargylic ureas, operating in toluene and employing silver and gold 
homogeneous catalysts avoiding the use of any strong bases and highly toxic 
chemicals.14,15 The homogeneous catalytic conditions were selected as they offer better 
selectivity and high reactivity avoiding mass transfer limitations, which decrease the 
overall time of reaction. However, the utilization of homogeneous catalysts entails some 
inherent disadvantages including the metal contamination in the final product and the 
high cost of production due to the impossible recovery of the precious metals.16,17 In 
addition, the U.S. Department of Health and Human Services Food and Drug 
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Administration classified toluene as Class 2 solvent and its utilization should be limited in 
pharmaceutical industry.18 
Herein, in order to switch the reaction to greener conditions, different 
sustainable, environmentally friendly, low toxicity and efficient paths for the catalysed 
cycloisomerization of propargylic ureas were investigated. Initially, the study of the 
reaction was accomplished in toluene and acetonitrile, substituting gold and silver 
homogeneous catalysts with heterogeneous systems based on gold and silver 
nanoparticles supported on AlSBA-15. In general, metal-nanoparticles supported on 
solids allow the exploitation of nanocatalysis, at the boundary between homogeneous 
and heterogeneous catalysis, with the simplified recovery of the material.17,19 In the last 
years, different mesoporous materials have been studied as supports for the stabilization 
of gold and silver nanoparticles and mesoporous silica materials emerged due to the 
abundance of Si-OH bonds on the surface, which can stabilize the metal 
nanoparticles.20,21,22 Specifically, SBA-15 emerged for its outstanding characteristics.23 To 
the best of our knowledge, no report on similar works were found in the literature.  The 
catalyst were prepared through environmentally friendly and highly innovative paths, 
including solventless ball milling techniques and fast microwave-assisted synthesis. 
Triphenylphosphine was used as mild additive to increase the reaction yield without any 
leaching effects. Sequentially the solvents were substitute with ethanol, which is 
classified as Class 3 solvent by the U.S. FDA (less toxic and of lower risk to human health).18 
Finally, a new methodology for the cycloisomerization of propargylic ureas using only 
water as solvent and synthesis promoter was developed. In order to sensibly accelerate 
all the reactions, the synthesis were carried out under conventional and microwave 
heating. In fact, microwave heating offer the possibility to perform experiments in an 
extremely effective, safe, rapid, and highly reproducible way.24,25 The results indicated 
that heterogeneous catalyst in toluene promoted most N-cyclization reactions, while 
ethanol favored the cyclization of propargylic ureas characterized by more electron 
withdrawing groups. Finally, water-mediated reactions favoured the cyclization of 
propargylic ureas containing electron donor compounds in the structure. 
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MATERIALS AND METHODS 
Materials. Pluronic P123 (PEG-PPG-PEG), hydrochloric acid (HCl, 37%wt), 
aluminium isopropoxyde ((Al[OCH(CH3]2)3), ≥98%), tetraethyl orthosilicate (TEOS, 
Si(OC2H5)4, 98%), silver nitrate (AgNO3, ≥99.0%), gold bromide (AuBr3, 99.9%), ethanol 
(CH3CH2OH, 99.8%), acetonitrile (CH3CN, 99.8%), toluene (C7H8, 99.8%), 
triphenylphosphine ((C6H5)3P, 99%), chloroform-d (CDCl3, 99.96 atom % D), 
chloro(triphenylphosphine)gold(I) ([(C6H5)3P]AuCl, ≥99.9%), 
silvertrifluoromethanesulfonate (CF3SO3Ag, ≥98.0%), 1,4-diazabicyclo[2.2.2]octane 
(DABCO, C6H12N2, ≥99%), 4-(dimethylamino)pyridine (DMAP, C7H10N2, ≥99%), 
triethylamine ((C2H5)3N, ≥99.5%), N-methyl propargylamine (HC≡CCH2NHCH3, 95%), were 
purchased from Sigma-Aldrich Inc., St. Louis, MO, USA. All reagents were used without 
any further purification. 
General procedure for the synthesis of the catalysts. AlSBA-15 was synthesized 
according to a procedure reported in a previous work.26 Briefly, 20 g of Pluronic P123 were 
dissolved under stirring in 750 mL of a 1.5 pH solution of distilled water and HCl at r.t.. 
After the complete dissolution of P123 (1 h), 2.10 g of Aluminium isopropoxyde were 
slowly added. Finally, 45 mL of tetraethyl orthosilicate (TEOS) were added drop-by-drop. 
The mixture was stirred at 35°C for 24 hours, and hydrothermally treated for 24 hours at 
100°C. The precipitated white solid was filtrated and dried at r.t. for 12 hours. The 
template was removed by calcination under N2 flux at 600 °C for 8 h. 
Silver nanoparticles were supported on the so-produced AlSBA-15 by a ball 
milling technique developed in our laboratories.27 In order to obtain 2 %wt metal charge, 
160 mg of AgNO3 (0.9 mmol) were added to 5 g of AlSBA-15 in a 125 mL ball milling bowl 
equipped with eighteen 5 mm Ø stainless steel balls. Sequentially the powders were 
grounded in a Retsch PM-100 planetary ball mill (350 rpm, 10 min). The resulting material 
was calcined at 450 °C for 4 h under synthetic air flux. The same procedure was applied 
for the production of 2 %wt gold nanoparticles supported on AlSBA-15, using 226 mg of 
AuBr3 (0.5 mmol) mixed with 5 g of AlSBA-15. The supported nanocatalysts produced by 
ball milling were denoted BM-2%Au@AlSBA-15 and BM-2%Ag@AlSBA-15. 
Alternatively, silver and gold nanoparticles were supported on AlSBA-15 though 
a microwave-assisted methodology.28 Briefly, 200 mg of AlSBA-15 were mixed together 
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with 6.3 mg of AgNO3 (0.04 mmol) in 2 mL of ethanol in a 10 mL Pirex microwave vial 
sealed with the proper cap. The mixture was stirred at 700 rpm for 15 minutes prior to 
MW heating. Subsequently, the vial was placed in a CEM microwave reactor and heated 
at 150°C for 3’. The rapid heating led to the quick precipitation of metallic silver well-
distributed over AlSBA-15. Finally, the mixture was ﬁltered and washed with ethanol 
(10mL). The filtrated solid was recovered and dried overnight at 100° C. Similarly, gold 
nanoparticles were prepared using 9 mg of AuBr3 (0.02 mmol) and 200 mg AlSBA-15. The 
supported nanocatalysts produced by microwave-assisted techniques were denoted 
MW-2%Au@AlSBA-15 and MW-2%Ag@AlSBA-15 respectively. 
General procedure for catalyzed cycloisomerization of propargylic ureas. To 
accomplish the cycloisomerization reaction, the selected propargylic urea was mixed with 
appropriate solvent (dry in case of toluene, acetonitrile and ethanol) in a 10 mL screw cap 
vial or 10 mL Pirex microwave vial. Reaction vial was charged with the different catalysts 
and sealed with proper cap. The reaction mixture was stirred at 800 rpm for 10 minutes 
prior to reaction. The reaction was carried out in a preheated oil bath or in a CEM 
Microwave reactor. After completion, the reaction mixture was filtered through a 
micropore filter (Chromafil® 0-20/25MS, PTFE) and the filter was washed with EtOH (3 x 
1 mL). 
Characterization of product. All products were analysed by 1H-NMR and 13C-
NMR and can be found in our previous reports.14,15 
 
RESULTS AND DISCUSSION 
Heterogeneous catalyzed reactions in toluene and acetonitrile. The first studies 
were carried out in order to switch the catalysed cycloisomerization of propargyl ureas 
from homogeneous to heterogeneous conditions. Gold and silver nanoparticles 
supported on AlSBA-15 (2 wt% metal load), which showed good activity in previous work 
for the synthesis of spiroindolenines, were selected as catalysts.28 The catalysts were 
prepared by both mehanochemical methods and microwave-assisted synthesis. On the 
one hand, mechanochemistry emerged as a promising solventless technology were the 
kinetic energy is transferred to the milled material achieving the breaking of chemical 
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bonds and/or creating new surfaces by fractures.29 In recent years, this method has 
allowed the simple, clean, versatile and highly reproducible preparation of advanced 
materials such as MOFs, supported nanometals and metal oxides for diverse applications 
in catalysis or related advanced technologies (e.g. electrochemistry).30-32 The preparation 
of the catalysts via mechanochemistry involved two simple steps: the grinding of AlSBA-
15 with the metal precursors, and the sequential calcination at high temperature in order 
to perform the reduction of the metals, forming the nanoparticles strongly stick to the 
walls of AlSBA-15.27 On the other hand, microwave techniques show several advantages, 
including the reduction of reaction time, the possibility to obtain higher yields, different 
selectivities, and the potential to accomplish reactions/chemistries that don’t take place 
under conventional heating conditions.33,34 Furthermore, microwave-assisted methods 
have emerged for providing scaled-up processes without suffering thermal gradient 
effects, leading to an important advancement in the large-scale synthesis of 
nanomaterials.35 In the present work, the catalysts were prepared by a unique easy step, 
were an homogeneous mixture of the metal precursors and AlSBA-15 in ethanol, were 
quickly heated by microwave irradiation. This rapid heating allowed the fast and 
precipitation of the metal precursor, which were reduced by ethanol, forming the 
nanoparticles on the SBA surface.28 Mesoporous silica SBA-15 was selected as supporting 
material for gold and silver nanoparticles because of the abundance of Si-OH bonds on 
the surface, which can stabilize nanoparticles.36 In addition, SBA-15 features unique 
properties including large surface areas (up to 1000 m2/g), controllable thick walls, small 
pore sizes (4–30 nm), and high thermal and mechanical stability.37 Lastly, aluminum can 
be easily inserted into the structure of SBA-15, forming AlSBA-15 with enhanced Lewis-
acidic, ion-exchanging, and catalytic properties.38 The employed catalysts were fully 
characterized in previous reports. Specifically, XRD, SEM, TEM, XPS, surface area analysis 
and thermal stability analysis can be found in the literature.28 As an example, Figure 1 
depicts a TEM image of BM-2%Ag@AlSBA-15 in which silver nanoparticles can be 
observed inside and outside the channels of AlSBA-15. 
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Figure 1. TEM of BM-2%Ag@AlSBA-15. Reprinted with permission from ref. 28. Copyright 2016 
American Chemical Society. 
 
Initially, the experiments of cycloisomerization of propargylic urea were carried 
out using terminal propargylic urea 1 synthesized by tosyl isocyanate and N-
methylpropargylamine (Table 1). Ball-milling synthesized catalysts BM-2 %Ag@AlSBA-15 
and BM-2%Au@AlSBA-15 were firstly employed. The proposed general reaction 
mechanism is illustrated in Scheme 2.  
  
 
Scheme 2. Plausible mechanism for formation of 2-imidazole.  
 
The first aim consisted in the determination of the selectivities and in the 
comparison of these results with those reported using homogeneous catalysts. The 
cycloisomerization of propargylic ureas derived from tosyl isocyanate was selected as 
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model reaction, as illustrated in Scheme 3. As shown in Table 1, the reaction was first ran 
with 18 mg of BM-2%Au@Al-SBA15 in toluene, obtaining 47% yield of imidazolidin-2-one 
1a with 20 % of migrated double bond product imidazole-2-one 1b (Table 1, entry 1). The 
result was close to the previous reported in which the synthesis of imidazolidin-2-one was 
successfully promoted by PPh3AuCl (Table 1, entry 16) in homogeneous conditions.14 
Furthermore, the increasing of the amount of BM-2%AuAlSBA-15 employed improved the 
formation of 1a (Table 1, entry 2). 
  
 
Scheme 3. Reaction scheme of cycloisomerization of propargylic ureas derived from tosyl 
isocyanate. 
 
Table 1. Optimization of the reaction illustrated in Scheme 3a 
Entry Cat (mg) Solvent T (°C) t (h) % yield (a/b) f 
1b Au (0.018) Toluene 40 3 47/20 
2b Au (0.035) Toluene 40 3 78/20 
3b Au (0.035) Toluene 40 2 70/20 
4b Au (0.035) Toluene 40 1 20/0 
5b Au (0.035) Toluene 80 1 60/36 
6b Au (0.035) ACN 40 0.5 17/0 
7b Au (0.035) ACN 40 1 22/0 
8c 6 Ag (0.035) Toluene 40 1 85/0 
9c 8 Ag (0.035) Toluene 40 1 96/0 
10c Ag (0.010) Toluene 40 1 97/0 
11c Ag (0.019) Toluene 40 2 97/0 
12c Ag (0.019) Toluene 80 1 98/0 
13c Ag (0.010) ACN 40 2 87/0 
14c Ag (0.010) ACN 40 1 80 
15d AgOTf (0.002) ACN 80 4 66 
16e AuPPh3Cl (2) CDCl3 50 22 40/6 
17 no cat. ACN 80 8 - 
a All reactions were run with 1 (72 μmol, 0.5 mL solvent) in a screw-cap vial. Bold text highlights the best conditions.  bBM-
2%Au@Al-SBA15. cBM-2%Ag@Al-SBA15. dAgOTf. eAuPPh3Cl. fReaction yield. 
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The decrease of the reaction time resulted in a decrease of the yield with more 
selectivity to the formation of imidazolidin-2-one (Table 1, entries 3, 4). This can be 
explained in terms of kinetic vs. thermodynamic stability: kinetically favorable product 1a 
was dominating over thermodynamically stable 1b in short reaction time.  The use of ACN 
as alternative solvent was not as effective as compared to toluene (Table 1, entries 6, 7). 
Sequentially, BM-2%Au@AlSBA-15 was replaced by BM-2%Ag@AlSBA-15 (Table 1, 
entries 8-14), a cheaper catalyst. Interesting, a smaller amount of BM-2%Ag@AlSBA-15 
was needed to obtained higher yields and selectivity, compared to gold catalyst (Table 1, 
entries 8, 9, 10). Indeed, 10 mg of catalyst and 1h of reaction were found to be the best 
conditions to obtain 97% yield of imidazolidin-2-one 1a with 0% production of migrated 
39 double bond imidazole-2-one 1b (Table 1, entry 10 compared with 11). The above 
results showed the higher metallic character of Ag@AlSBA-15 over Au@AlSBA-15. In fact, 
XPS measurement of Au@AlSBA-15 showed the existence of some Au3+ ( band at 85.7 & 
89.4 eV) species with mostly Au(0) while XPS measurement of Ag@AlSBA-15 exhibited 
mainly metallic silver not oxidic.28 The switch to acetonitrile (ACN) provided good 
selectivity and excellent yields of 1a (Table 1, entry 13, 14). However, silver mirror was 
noticed inside the NMR tube, demonstrating the leaching of silver with acetonitrile.40 As 
a consequence, ACN was considered inappropriate for the reaction. Positively, no silver 
mirror was observed in the NMR tube using toluene. 
Sequentially, based on the optimized conditions of using 10 mg BM-
2%Ag@AlSBA-15 in toluene, the reaction was attempted using phenyl isocyanate 
(compound 2 in Scheme 4). As shown in Table 2, the high reaction yields and selectivities 
obtained with propargylic ureas 1 (Table 1) were never observed, despite increasing the 
reaction time up to 17 h nor the temperature up to 80°C (Table 2, entry 1, 2, 3 and 4). 
 
 
Scheme 4. Cycloisomerization of propargylic ureas derived from phenyl isocyanate. 
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Table 2. Optimization of the reaction illustrated in Scheme 4a 
Entry Additive (equiv.) pKa T (°C) t (h) % yield (a/b)b 
1 /  40 1 0 
2 /  40 3 0 
3 /  40 17 0/17 
4 /  80 17 0/41 
5 PPh3(1 equiv) 7.6c 40 3 0/70 
6 PPh3(0.5 equiv)  80 3 0/86 
7 PPh3(0.5 equiv)  80 2.5 0/86 
8 DABCO(0.5 equiv) 8.2c 80 3 0/10 
9 DMAP(0.5 equiv)  80 3 10/0 
10 Et3N(0.5 equiv) 10.7 d 80 3 0/0 
aAll reactions were run with 2 (72 μmol, 0.5 mL toluene) in a screw-cap vial, BM-2%Ag@Al-SBA15 ( 0.01 g). bReaction yield 
was determined by the NMR-integration method. cBasicity measurement in acetonitrile. dDetermined in water for 
deprotonation of conjugate acid.  
 
Aiming to increase the reaction yield, some additive were tested. Based on 
previous results, the effect of triphenylphosphine was investigated in combination with 
the new heterogeneous conditions.14 Using 1 equivalent of triphenylphosphine and 
operating at 40°C, a major selectivity to imidazole-2-one was observed (Table 2, entry 5). 
This trial was repeated up to ten times by reusing the same catalyst, without noting any 
decrease of conversion. As triphenylphosphine is a well-known ligand for gold and silver, 
the possible leaching of BM-2%Ag@AlSBA-15 was evaluated by hot filtration test after 
every cycle. To execute this test, the catalyst was removed from the reaction mixture after 
30 min of ongoing stirring under the investigated reaction conditions (35% conversion). 
Fresh triphenylphosphine was subsequently introduced to avoid any loss and the reaction 
was continued for other 6 h. No appreciable conversion by NMR was observed, in good 
agreement with an identical Ag-loading in the catalyst before/after removal from the 
reaction mixture. These findings were a good indication about the heterogeneous nature 
of the reaction (please see ESI for additional details of leaching tests). The utilization of 
triphenylphosphine was subsequently tested at 80°C lowering the reaction time. Best 
condition led to the synthesis of product 2b with 87% yield operating at 80°C for 2h 30’ 
(Table 2, entry 7). In order to gain more insights, other Lewis bases were tested as additive 
(Table 2, entry 8, 9, 10). However, no improvement of the reaction yield was observed. 
These results may point to a unique and efficient electron-donating effect of the 
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phosphorus of triphenylphosphine, which upon coordination to Ag nanoparticles led to 
Ag species with an improved “metallic” character correlated to an improved reactivity for 
the investigated chemistry. This electron-donating effect is well documented in the 
literature for homogeneous catalysts and metals but firstly approached here as stabilizing 
effect for heterogeneous catalysts.41 
With the new optimized conditions, the reaction was successively ran using other 
substitued propargylic ureas (compound 3 in Scheme 5), as shown in Table 3. The reaction 
was remarkably more efficient with nitro-phenyl isocyanate derived ureas as compared 
to aryl substituted ureas (Table 3, entries 1, 2 and 3). The observed low activity may be 
due to the free rotation of the benzyl group which can be responsible for steric 
hindrance.15 The reaction with non-terminal alkynes under same optimized condition, 
resulted in less than 20% conversion. This was expected due to steric hindering 
substituent on the triple bond.42 Sequentially, catalyst loading and reaction time were 
increased, resulting in 56% yield (Table 3, entry 6). 
  
 
Scheme 5. General scheme for cycloisomerization of substituted propargylic ureas. 
 
Table 3. Optimization of the reaction illustrated in Scheme 5a 
Entry R R1 R2 R3 T (°C) t (h) % yield (a/b)b 
1 p-NO2C6H5 Me H H 40 1 0/90 
2 Bn Me H H 40 6 0/10 
3 Bn Me H H 80 6 0/22 
4 p-Tol Me H H 80 3 0/73 
5 Ph Bn Pr Ph 80 3 0/14 
6c Ph Bn Pr Ph 80 4 0/56 
aAll reactions were run with 3 (72 μmol, 0.5 mL toluene) in a screw-cap vial using BM-2%Ag@AlSBA15 ( 20 mg) . Bn = 
Benzyl group. a) Reaction yield was determined by the NMR-integration method. cCatalyst = 0.04 g, 1 mL toluene. 
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Due to the high load of the catalysts, these last reaction conditions (Table 3, entry 
6) were selected for the comparison of nanocatalysts synthesized by ball milling and 
microwave-assisted techniques (Scheme 6 and Table 4).  
  
 
Scheme 6. Cycloisomerization of substituted propargylic ureas. 
 
Table 4. Cycloisomerization of propargylic urea comparing BM- and MW- 2%Ag@AlSBA-15 and 
2%Au@AlSBA15, as well as microwave heating vs conventional heating 
Entry  Cat % yield b 
1 BM- 2%Ag@AlSBA-15 56 
2 MW- 2%Ag@AlSBA-15 35 
3 BM-2%Au@AlSBA-15 <5 
4 MW-2%Au@AlSBA-15 <5 
All reactions were run with 1 (72 μmol, 1 mL toluene) in a screw-cap vial. bReaction yield was determined by the NMR-
integration method. Catalyst = BM/MW- 2%Ag@AlSBA-15 (0.04 g), BM/MW-2%Au@AlSBA-15 (0.07 g). 
 
Gold nanocatalsyts were found to be almost inactive for the reaction (Table 4, 
entries 3 and 4). Considering silver catalysts, ball-milling synthesized one was more active 
than MW-2%Ag@AlSBA-15. Despite this lowest activity, it has to be highlighted that the 
microwave-assisted synthesis was much more favourable compared to the synthesis of 
nanocatalysts prepared by ball-milling. In fact, BM- catalysts needed longer time of 
preparation, resulting by the sum of the 10’ of ball milling and the several hour of muffle 
treatment for the calcination. Instead, nanocatalysts prepared by microwave-assisted 
techniques were prepared only through a one easy reduction step of 5’ irradiation in the 
microwave reactor. However, in order to obtain the higher yields, the ensuing trials were 
carried out using BM-2%Ag@AlSBA-15. 
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Switching to ethanol. In order to accomplish the reaction in greener conditions, 
the synthesis was switched from toluene, which is classified as Class 3 solvent by U.S. FDA, 
to ethanol.18 Following the same logical evolution accomplished in the first part of the 
research, the reactions were initially carried out without any additive, operating under 
conventional heating conditions, using propargyl urea 5 synthesized by tosyl isocyanate 
and N-methylpropargylamine (Scheme 7 and Table 5). 
  
 
Scheme 7. Cycloisomerization of propargylic ureas derived from tosyl isocynate in EtOH. 
 
Table 5. Optimization of the reaction illustrated in Scheme 7a 
Entry Cat (mg) T [°C] t[h] % yield (a/b)d 
1b 18 Au 80 14 27/32 
2b 35 Au 80 14 44/32 
3c 8 Ag 40 1 97/0 
4c 6 Ag 40 0.5 93/0 
5c 4 Ag 40 0.5 80/0 
6c 6 Ag 40 0.16 78/0 
aAll reactions were run with 4 (72 μmol, 0.5 mL ethanol) in a screw-cap vial. bBM-2%Au@Al-SBA15. cBM-2%Ag@Al-SBA15. 
cReaction yield was determined by the NMR-integration method. 
 
Best results were observed using 2 wt% BM-Ag@AlSBA-15 catalysts and 
operating at 40’ for 30 min. (Table 5, entry 4), finding the same results observed in toluene 
(Table 1, entry 10). In order to evaluate the effect of triphenylphosphine in ethanol, 
different trials were carried out. As summarized in Table 6, no cyclization occurred when 
triphenylphosphine was added.43,44 
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Scheme 8. Effect of polar solvent EtOH on cycloisomerization of propargylic ureas derived from 
phenyl isocynate with PPh3 as an additive. 
 
Table 6. Optimization of the reaction illustrated in Scheme 8a 
Entry R T (°C) t (h) % yield (a/b) 
1  40 6 - 
2 PPh3(0.5 equiv) 40 3 - 
3 PPh3(0.5 equiv) 80 3 - 
aAll reactions were run with 5 (72 μmol, 0.5 mL solvent) in a screw-cap vial with BM-2%Ag@Al-SBA15 (0.01 g). 
 
Developing the conditions for water-mediated reaction. All obtained results 
were combined aiming to carry out the reaction in water. As AlSBA-15 is instable in water, 
all the reactions were ran in microwave using only H2O as solvent and promoter of the 
reaction. As reported by Mohan et al.,45 water can act as mediator for the construction of 
different heterocycles. The possible mechanism is shown in Scheme 9. 
  
 
Scheme 9. Possible mechanism for water-mediated formation of 2-imidazole. 
Results and Discussion 
 
 
 
132 
 
As summarized in Table 7, different trails have been carried out, varying reaction 
time, temperature, and structure of propargylic ureas. Best results were obtained 
operating at 130°C for 20’. The outcomes clearly showed that water was favoring the 
cyclization of propargylic ureas containing electron donor compounds. As shown in Table 
7 (entry 4), the best conditions allowed conditions allowed the preparation of substituted 
imizadolones in 72% yield with 20 min reaction time.  
 
Scheme 10. Cycloisomerization of different propargylic ureas in water under microwave 
irradiation. 
 
Table 7. Optimization of the reaction illustrated in Scheme 10a 
Entry R T (°C) t (h) % yield (a/b)b 
1 Ph 80 20 / 
2 Ph 100 20 0/10 
3 Ph 120 20 0/50 
4 Ph 130 20 0/72 
5 Ph 130 5 0/8 
6 Ph 130 10 0/30 
7 p-FC6H4 130 20 0/66 
8 Bn 130 20 0/3 
9 p-NO2C6H4 130 20 0/68 
aAll reactions were run with 6 (72 μmol, 0.5 mL water) in a screw-cap vial. bReaction yield was determined by the NMR-
integration method. 
 
CONCLUSIONS 
In conclusion, the environmentally friendly paths for the cycloisomerization of 
propargylic ureas were explored. The syntheses were carried out in toluene, acetonitrile, 
ethanol, and water, using gold and silver heterogeneous catalysts produced by innovative 
ball-milling and microwave-assisted techniques. Several scopes were studied, highlighting 
the reaction mechanism in the selected diﬀerent paths, where heterogeneous catalyst in 
toluene promoted N-cyclization reactions, ethanol favored the cyclization of propargylic 
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ureas characterized by more-electron-withdrawing groups and watermediated reactions 
favored the cyclization of propargylic ureas containing electron-donor compounds in the 
structure. In contrast to previous studies, the new developed paths oﬀer the possibility 
to accomplish the cycloisomerization reaction in greener solvents using recoverable 
heterogeneous catalysts and avoiding the utilization of any strong base. In addition, all 
the reactions were carried out under conventional and microwave heating, emphasizing 
the possibility of using a microwave technique to reduce the reaction time. 
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General information 
All components as well as reagents and solvents were used as received without 
further purification, unless stated otherwise. Reagents and solvents were bought from 
Sigma Aldrich and TCI and if applicable, kept under argon atmosphere. Technical solvents 
were bought from VWR International and Biosolve, and were used as received. Product 
isolation was performed using silica (60, F254, Merck™), and TLC analysis was performed 
using Silica on aluminum foils TLC plates (F254, Supelco Sigma-Aldrich™) with visualization 
under ultraviolet light (254 nm and 365 nm) or appropriate TLC staining. IR spectra were 
recorded on Bruker Alpha FT-IR spectrometer. 1H (400MHz or 600 MHz), 13C (100MHz) 
spectra were recorded on ambient temperature using a Bruker-Avance 400 or Mercury 
400. 1H NMR spectra are reported in parts per million (ppm) downfield relative to CDCl3 
(7.26 ppm) and all 13C NMR spectra are reported in ppm relative to CDCl3 (77.2 ppm). NMR 
spectra uses the following abbreviations to describe the multiplicity: s = singlet, d = 
doublet, t = triplet, q = quartet, p = pentet, h = hextet, hept = heptet, m = multiplet, dd = 
double doublet, td = triple doublet. Known products were characterized by comparing to 
the corresponding 1H NMR and 13C NMR from literature.  
 
Leaching Determination by Hot-Filtration Experiment  
The hot-filtration test was executed in order to determine the possible metal 
leaching from the support. In the case of metal leaching, a further conversion after 
removal of the catalyst should have been observed. In order to perform the test, best 
reaction conditions were selected (Table 2, entry 5). After 30 min. of reaction, the catalyst 
was removed under hot condition to avoid any redepositing of Ag. The solution was 
transferred in new reaction vial with a new stirring bar and left under stirring. As no 
further conversion was observed, the heterogeneity of reaction was confirmed.  
 
Reusability of Catalyst:  
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The reaction (Table 2, entry 5) was performed up to 10 times under optimized 
condition without observing any loss of catalytic activity. After each cycle, the catalyst 
was washed with ethanol and dried under vacuum oven at 50 °C for 12 h. The same results 
were observed by using or not PPh3. 
 
Synthesis of starting materials:  
Appropriate isocyanates were added in solution of N-methyl propargylamine in 
DCM. After 1-2 h of stirring, 10 mL of pentane were added in the solution and the white 
precipitate was filtered. 
Crude NMR to confirm 1: 1H NMR (300 MHz, Chloroform-d) δ 7.96 (d, J = 8.3 Hz, 
2H),  7.33 (d, J = 8.0 Hz, 3H), 4.05 (d, J = 2.6 Hz, 2H), 2.97 (d, J = 8.3 Hz, 3H), 2.44 (s, 3H), 
2.30 (s, 1H).  
Non-terminal alkyne (Table 3, entry 6) was synthesis by A-3 coupling by previous 
reported method. 
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Abstract: Pure magnetic metallic nickel was synthesized by a simple and fast microwave-
assisted method using a monomode microwave reactor. Nickel chloride was employed as 
metal precursor, while an environmental-friendly mixture of ethylene glycol and ethanol 
was simultaneously used as solvent and reducing agent. The parameters combination, for 
the occurrence of the reaction, of the mixture molar fraction and the metal precursor 
concentration was developed. The influence of the temperature and the time of the 
irradiation was investigated. The best performance (71% yield) was achieved at 250°C in 
5 minutes of microwave irradiation. The phase and the morphology of the metal were 
analyzed by X-ray diffraction (XRD), scanning emission microscopy (SEM) and transmission 
electron microscopy (TEM) while the surface area was determined by nitrogen 
physisorption. The material exhibited a strong magnetic behavior. The metallic Nickel 
showed high catalytic activity for the hydrogenolysis of benzyl phenyl ether, a lignin model 
compound, in a microwave-assisted environmental-friendly reaction. 
 
INTRODUCTION 
Magnetic nanostructured materials have attracted significant interest due to 
their technical application in several fields including optoelectronics, magnetics, catalysis, 
biologic engineering, information storage and photovoltaic technology.1-3 Nickel 
nanoparticles are particularly emerging for their unique characteristics such as high 
magnetism, high surface area, large surface energy, excellent chemical stability, low 
melting point, resource-richness, and low cost.4,5 Several techniques for the synthesis of 
Nickel materials, including thermal decomposition, pulsed laser ablation, sputtering and 
metal vapor condensation have been extensively reported in literature.6-9 However, only 
a few reports on the synthesis of pure Ni magnetic nanoparticles are available.10-12  
Microwave-assisted reactions emerged as alternative reaction media to conduct 
catalytic processes and importantly in nanomaterials synthesis due to associated 
advantages of the technique that include the possibility to obtain higher yields, different 
selectivities, as well as the potential to accomplish reactions/chemistries that generally 
do not take place under conventional heating conditions.13-15  
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Based on our experience in microwave chemistry for the design of nanomaterials 
and nanoparticle systems,16-20 herein we disclose a simple, efficient and environmentally 
friendly unprecedented synthesis of magnetic metallic Nickel (denoted as MMN) under 
microwave-assisted conditions, employing a mixture of ethylene glycol (EG) and ethanol, 
and NiCl2 as metal precursor. The so-produced Nickel nanoparticles were used as 
heterogeneous catalyst for the hydrogenolysis of benzyl phenyl ether (BPE), a commonly 
used lignin model compound.21,22  
 
RESULTS AND DISCUSSION 
PXRD pattern of MMN is shown in Figure 1. The peaks at 44,5°, 51,9° and 76,4° 
can be respectively indexed to the (111), (200) and (220) diffraction planes, from a face-
centered cubic structure (Fm3m) of pure metallic Nickel. No other distinctive diffraction 
peaks indicate high purity and crystallinity of the samples. The XRD pattern showed a 
strong diffraction peak at (111) and the ratio of intensity of the (111) to (200) peak is 
3.068. 
 
 
Figure 1. Powder X-ray diffraction of the MMN. 
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Figure 2. SEM and TEM images of the MMN. 
 
Figure 2 shows SEM and TEM images of the Nickel nanoparticles synthesized. No 
specific description of the shape and the size of the particles was possible to define; 
nevertheless, most of the particles were in the form of spheres of approximately 200-500 
nm of diameter. EDS analysis showed no relevant material adsorbed on the surface 
(95,65%wt Ni, Table S1). 
The nitrogen absorption/desorption and pore size distribution revealed a non-
porous material with a surface area of <5 m2/g. The magnetic mass susceptibility of the 
precipitate was determined to be 442 x 10-6 m3 Kg-1 at room temperature, close to that of 
pure maghemite (ca. 500 x 10-6 m3 Kg-1).23 These findings indicate that a strong magnetic 
phase (Figure S1) could be created for metallic nickel under the proposed microwave 
reaction conditions, truly unprecedented in previous literature work.  
The formation of the MMN was found to be a process depending on different 
variables. Specifically, the concentration of NiCl2 (therefore Ni2+ concentration), the molar 
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fraction of the ethylene glycol-ethanol solution, the irradiation time and the temperature 
were investigated. Table 1 summarizes the most relevant experiments (for a more 
detailed list of the experiments, see Table S2). The optimum yield (71%) was obtained 
with 0.031 molar concentration of NiCl2, in a mixture of 2.5 mL of 0.904 molar fraction of 
EG-EtOH, at 250°C with an irradiation time of 5 minutes. 
The formation of the metallic precipitate was observed at a concentration of Ni2+ 
ions up to 0.182 mol L-1 and an EG molar fraction between 0.85 and 0.97. 
 
Table 1 Most significant trials varying different reaction parameters 
[Ni2+] (mol L-1) time (min) T (°C) EG (Xi) yield (%) 
Increasing reaction time 
   
0.031 20 200 0.904 24 
0.031 30 200 0.904 22 
0.031 60 200 0.904 30 
Varying mixture composition 
   
0.031 5 200 0.846 20 
0.031 5 200 0.865 9 
Increasing reaction temperature 
   
0.031 5 220 0.904 26 
0.031 5 230 0.904 34 
0.031 5 240 0.904 44 
0.031 5 250 0.904 71 
Increasing metal precursor concentration 
   
0.072 20 210 0.904 8 
0.110 20 210 0.904 6 
0.182 20 210 0.904 4 
 
 
The yield of the reaction was strongly dependent on temperature, but less 
influenced by the reaction time. The minimum values of temperature and time for the 
formation of the metal precipitate were 180°C and 5 minutes irradiation, respectively.  
As this work was aiming to a fast and simple reaction (with time found as low-
influencing parameter), one-hour of irradiation was chosen as a limit. The upper limit of 
250°C was forced by a safe pressure limit. Figure 3 represents the combination of the 
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parameter of Ni2+ ion concentration and solution composition for the formation of MMN. 
After extensive optimization, the MMN was obtained if the parameters matched a point 
inside the grey rectangle. 
 
 
Figure 3. Schematic representation of the occurrence of the reaction depending on the nickel 
ion concentration and mixture composition. Best results are in the blue boxes where the yield, 
the reaction temperature and the time of reaction are reported. 
 
The reduction of Ni2+ could be attributed to the action of EG as a reducing agent. 
Miller et al. purposed a reaction mechanism for the oxidation of different terminal diols 
employing an oxoammonium salt as oxidizing agent: the diol is oxidized to the 
corresponding aldehyde, which is immediately converted by protection of the aldehyde 
group with the same diol.24 The overall reduction reaction is illustrated in Scheme 1.  
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Scheme 1. Proposed reaction scheme of the reduction of Nickel via microwave-assisted 
synthesis. 
 
GC-MS analysis of the solution after the production of MMN demonstrate the 
presence of 1,3-Dioxolane-2-methanol (Figure S2), confirming the purposed mechanism. 
As the reaction was found to be possible at specific temperature and pressure, ethanol 
was likely increasing the penetration depth of the MWs irradiation, and lowering the 
bubble point of the mixture, therefore increasing vapor pressure. A simulation made with 
PRO/II software (Invensys System Inc.) at 70 psi showed a decreasing of the bubble point 
down to 185-220°C considering the EG molar fraction between 0.85-0.97, instead of 
260°C of the pure EG. Similar results were obtained substituting EtOH with water and 
isopropanol, where still the MMN was successfully produced. Without this condition, the 
production of MMN would have requested hardly condition to occur, primarily the 
addition of other chemicals and longer time.25-27  
Catalytic test of the hydrogenolysis of BPE, described in Scheme 2, were 
performed under microwave irradiation at 230°C employing isopropanol as green solvent 
and H donor.  
 
 
Scheme 2. Hydrogenolysis of Benzyl Phenyl Ether. 
 
Results and Discussion 
 
 
 
148 
 
Blank runs, in the absence of catalyst, showed no BPE hydrogenolysis under the 
investigated conditions. Best results were obtained after 45 mins of irradiation, for which 
a conversion of BPE of 24%, compared to the conversion of 43% obtained with 
commercial 5% Pd/C. The nanoparticles were stable and reusable under the investigated 
conditions, allowing a conversion of BPE of 21% after 5 cycles of 45 mins of irradiation 
each one. Despite the palladium catalyst exhibiting higher catalytic activity, the MMN 
possess extremely competitive characteristic such as easy and rapid synthesis being cost 
competitive due to reduced reagents costs (Pd vs Ni). For a detailed list of the results, 
please see Table S3. 
 
CONCLUSIONS 
Pure metallic Nickel was prepared under a simple microwave-assisted 
hydrothermal method using a speciﬁc combination of NiCl2, ethylene glycol, and ethanol. 
The ethylene glycol acted as both solvent and reducing agent. The temperature was the 
most inﬂuencing factor for the yield of the reaction, while the reaction time was found to 
be less relevant under the investigated conditions. Owing to its simplicity, low-toxicity, 
and eﬃcient features, this new methodology could track ways to large-scale production 
of Ni nanoparticles as a possible alternative to maghemite/magnetite nanoparticles. In 
fact, even though Fe2O3 is nowadays widely used in industry, its production is still long 
and quite toxic.28 Furthermore, this work is a ﬁrst example of employing the metallic 
nickel produced with the microwave-assisted technique in the hydrogenolysis of BPE. The 
observed results oﬀer potential in a large number of green and fast hydrogenolyses as 
well as hydrogenation reactions that will be reported in due course. 
 
ASSOCIATED CONTENT 
Supporting Information.  
The Supporting Information is available free of charge on the ACS Publications 
website at DOI: 10.1021/acssuschemeng.7b02945. Additional materials characterizations 
and detailed experimental section (PDF) 
Results and Discussion 
 
  
 
149 
 
AUTHOR INFORMATION  
Corresponding Authors  
*R.L. e-mail: q62alsor@uco.es.  
ORCID Rafael Luque: 0000-0003-4190-1916  
Notes  
The authors declare no competing ﬁnancial interest. 
 
ACKNOWLEDGMENTS 
This project has received funding from the European Union’s Horizon 2020 research 
and innovation Programme under the Marie Skłodowska-Curie grant agreement No 
721290. This publication reflects only the author’s view, exempting the Community from 
any liability. Project website: http://cosmic-etn.eu/ 
  
Results and Discussion 
 
 
 
150 
 
 (1) Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Elst, L. V.; Muller, R. N., Magnetic Iron Oxide 
Nanoparticles: Synthesis, Stabilization, Vectorization, Physicochemical Characterizations, and Biological 
Applications. Chemical Reviews 2008, 108 (6), 2064-2110. DOI: 10.1021/cr068445e 
(2) Liu, Z. L.; Miao, F.; Hua, W.; Zhao, F., Fe3O4 Nanoparticles: Microwave-assisted Synthesis and Mechanism. 
Materials Letters 2012, 67 (1), 358-361. DOI: 10.1016/j.matlet.2011.09.095 
(3) Molina, M.; Asadian-Birjand, M.; Balach, J.; Bergueiro, J.; Miceli, E.; Calderon, M., Stimuli-responsive 
Nanogel Composites and their Application in Nanomedicine. Chemical Society Reviews 2015, 44 (17), 
6161-6186. DOI: 10.1039/C5CS00199D 
(4) Liu, Y. Y.; Jiang, H. L.; Zhu, Y. H.; Yang, X. L.; Li, C. Z., Transition Metals (Fe, Co, and Ni) Encapsulated in 
Nitrogen-doped Carbon Nanotubes as Bi-functional Catalysts for Oxygen Electrode Reactions. Journal of 
Materials Chemistry A 2016, 4 (5), 1694-1701. DOI: 10.1039/C5TA10551J 
(5) Yao, Y. J.; Chen, H.; Lian, C.; Wei, F. Y.; Zhang, D. W.; Wu, G. D.; Chen, B. J.; Wang, S. B., Fe, Co, Ni 
Nanocrystals Encapsulated in Nitrogen-doped Carbon Nanotubes as Fenton-like Catalysts for Organic 
Pollutant Removal. Journal of Hazardous Materials 2016, 314, 129-139. DOI: 
10.1016/j.jhazmat.2016.03.089 
(6) Ghatak, A.; Khan, S.; Roy, R.; Bhar, S., Chemoselective and Ligand-free Synthesis of Diaryl Ethers in 
Aqueous Medium Using Recyclable Alumina-supported Nickel Nanoparticles. Tetrahedron Letters 2014, 
55 (51), 7082-7088. DOI: 10.1016/j.tetlet.2014.10.144 
(7) Long, F.; Zhang, Z. H.; Wang, J.; Yan, L.; Zhou, B. W., Cobalt-nickel Bimetallic Nanoparticles Decorated 
Graphene Sensitized Imprinted Electrochemical Sensor for Determination of Octylphenol. Electrochimica 
Acta 2015, 168, 337-345. DOI: 10.1016/j.electacta.2015.04.054 
(8) El-Nagar, G. A.; Derr, I.; Fetyan, A.; Roth, C., One-pot synthesis of a high performance chitosan-nickel 
oxyhydroxide nanocomposite for glucose fuel cell and electro-sensing applications. Applied Catalysis B-
Environmental 2017, 204, 185-199. DOI: 10.1016/j.apcatb.2016.11.031 
(9) Ramezanalizadeh, H.; Manteghi, F., Mixed Cobalt/Nickel Metal-Organic Framework, an Efficient Catalyst 
for One-pot Synthesis of Substituted Imidazoles. Monatshefte Fur Chemie 2017, 148 (2), 347-355. DOI: 
10.1007/s00706-016-1776-9 
(10) Barakat, N. A. M.; Kim, B.; Kim, H. Y., Production of Smooth and Pure Nickel Metal Nanofibers by the 
Electrospinning Technique: Nanofibers Possess Splendid Magnetic Properties. Journal of Physical 
Chemistry C 2009, 113 (2), 531-536. DOI: 10.1021/jp805692r 
(11) Donegan, K. P.; Godsell, J. F.; Tobin, J. M.; O'Byrne, J. P.; Otway, D. J.; Morris, M. A.; Roy, S.; Holmes, J. D., 
Microwave-assisted Synthesis of Icosahedral Nickel Nanocrystals. Crystengcomm 2011, 13 (6), 2023-
2028. DOI: 10.1039/C0CE00759E 
(12) Guo, H.; Pu, B. X.; Chen, H. Y.; Yang, J.; Zhou, Y. J.; Bismark, B.; Li, H. D.; Niu, X. B., Surfactant-assisted 
Solvothermal Synthesis of Pure Nickel Submicron Spheres with Microwave-absorbing Properties. 
Nanoscale Research Letters 2016, 11, 16. DOI: 10.1186/s11671-016-1562-y 
(13) Kappe, C. O.; Dallinger, D., Controlled Microwave Heating in Modern Organic Synthesis: Highlights from the 
2004-2008 Literature. Molecular Diversity 2009, 13 (2), 71-193. DOI: 10.1007/s11030-009-9138-8 
(14) Satoshi Horikoshi, N. S., Microwaves in Nanoparticles Synthesis: Fundamentals and Application. Wiley-VCH: 
Weinheim, 2013. 
(15) Mirzaei, A.; Neri, G., Microwave-assisted Synthesis of Metal Oxide Nanostructures for Gas Sensing 
Application: A review. Sensors and Actuators B-Chemical 2016, 237, 749-775. DOI: 
10.1016/j.snb.2016.06.114 
(16) Balu, A. M.; Hidalgo, J. M.; Campelo, J. M.; Luna, D.; Luque, R.; Marinas, J. M.; Romero, A. A., Microwave 
Oxidation of Alkenes and Alcohols Using Highly Active and Stable Mesoporous Organotitanium Silicates. 
Journal of Molecular Catalysis a-Chemical 2008, 293 (1-2), 17-24. DOI: 10.1016/j.molcata.2008.06.016 
(17) Balu, A. M.; Dallinger, D.; Obermayer, D.; Campelo, J. M.; Romero, A. A.; Carmona, D.; Balas, F.; Yohida, 
K.; Gai, P. L.; Vargas, C.; Kappe, C. O.; Luque, R., Insights into the Microwave-assisted Preparation of 
Results and Discussion 
 
  
 
151 
 
Supported Iron Oxide Nanoparticles on Silica-type Mesoporous Materials. Green Chemistry 2012, 14 (2), 
393-402. DOI: 10.1039/C1GC16119A 
(18) Bermudez, J. M.; Francavilla, M.; Calvo, E. G.; Arenillas, A.; Franchi, M.; Menendez, J. A.; Luque, R., 
Microwave-induced Low Temperature Pyrolysis of Macroalgae for Unprecedented Hydrogen-enriched 
Syngas Production. Rsc Advances 2014, 4 (72), 38144-38151. DOI: 10.1039/C4RA05372A 
(19) Yepez, A.; De, S.; Climent, M. S.; Romero, A. A.; Luque, R., Microwave-Assisted Conversion of Levulinic 
Acid to gamma-Valerolactone Using Low-Loaded Supported Iron Oxide Nanoparticles on Porous Silicates. 
Applied Sciences-Basel 2015, 5 (3), 532-543. DOI: 10.3390/app5030532 
(20) Francavilla, M.; Intini, S.; Luchetti, L.; Luque, R., Tunable Microwave-assisted Aqueous Conversion of 
Seaweed-derived Agarose for the Selective Production of 5-hydroxymethyl Furfural/Levulinic Acid. Green 
Chemistry 2016, 18 (22), 5971-5977. DOI: 10.1039/C6GC02072K 
(21) Park, H. W.; Park, S.; Park, D. R.; Choi, J. H.; Song, I. K., Catalytic Decomposition of Benzyl Phenyl Ether to 
Aromatics over Cesium-exchanged Heteropolyacid Catalyst. Korean Journal of Chemical Engineering 
2011, 28 (5), 1177-1180. DOI: 10.1007/s11814-010-0491-1 
(22) Yoon, J. S.; Lee, Y.; Ryu, J.; Kim, Y. A.; Park, E. D.; Choi, J. W.; Ha, J. M.; Suh, D. J.; Lee, H., Production of 
High Carbon Number Hydrocarbon Fuels from a Lignin-derived Alpha-O-4 Phenolic Dimer, Benzyl Phenyl 
Ether, via Isomerization of Ether to Alcohols on High-surface-area silica-alumina Aerogel Catalysts. 
Applied Catalysis B-Environmental 2013, 142, 668-676. DOI: 10.1016/j.apcatb.2013.05.039 
(23) Ojeda, M.; Balu, A. M.; Barron, V.; Pineda, A.; Coleto, A. G.; Romero, A. A.; Luque, R., Solventless 
Mechanochemical Synthesis of Magnetic Functionalized Catalytically Active Mesoporous SBA-15 
Nanocomposites. Journal of Materials Chemistry A 2014, 2 (2), 387-393. DOI: 10.1039/C3TA13564K 
(24) Miller, S. A.; Bobbitt, J. M.; Leadbeater, N. E., Oxidation of Terminal Diols using an Oxoammonium Salt: a 
Systematic Study. Organic & Biomolecular Chemistry 2017, 15 (13), 2817-2822. DOI: 
10.1039/C7OB00039A 
(25) Fievet, F.; Lagier, J. P.; Blin, B.; Beaudoin, B.; Figlarz, M., Homogeneous and Heterogeneous Nucleations 
in the Polyol Process for the Preparation of Micron and Sub-micron Size Metal Particles. Solid State Ionics 
1989, 32-3, 198-205. DOI: 10.1016/0167-2738(89)90222-1 
(26) Chen, D.; Tang, K. B.; Shen, G. Z.; Sheng, J.; Fang, Z.; Liu, X. M.; Zheng, H. G.; Qian, Y. T., Microwave-
assisted Synthesis of Metal Sulfides in Ethylene Glycol. Materials Chemistry and Physics 2003, 82 (1), 206-
209. DOI: 10.1016/S0254-0584(03)00206-2 
(27) Takahashi, K.; Yokoyama, S.; Matsumoto, T.; Huaman, J. L. C.; Kaneko, H.; Piquemal, J. Y.; Miyamura, H.; 
Balachandran, J., Towards a Designed Synthesis of Metallic Nanoparticles in Polyols - Elucidation of the 
Redox Scheme in a Cobalt-ethylene Glycol System. New Journal of Chemistry 2016, 40 (10), 8632-8642. 
DOI: 10.1039/C6NJ01738J 
(28) Serna, C.J, Morales, M.P. Maghemite (γ-Fe2O3): A Versatile Magnetic Colloidal Material. In Surface and 
Colloid Science, E. Matijevic, M. Borkovec Eds., Kluwer Academic/PlenumPublishers: New York, 2004. 
  
Results and Discussion 
 
 
 
152 
 
Supporting Information 
 
S0 - Experimental Section 
All the reagents were purchased from Sigma-Aldrich Inc, and were used without 
any further purification. 
PXRD patterns were recorded using a Bruker D8 DISCOVER A25 diffractometer  
with a slit of 0.018° from 2θ=10° to 80° and counting time of 5 s per step using CuKα 
radiation. Textural properties of the samples were determined by N2 physisorption using 
a Micromeritics ASAP 2020 automated system with the Brunauer-Emmet-Teller (BET) and 
the Barret-Joyner-Halenda (BJH) methods. The samples were outgassed for 24 h at 130°C 
under vacuum (P0 = 10−2 Pa) and subsequently analysed. SEM images were recorded with 
a JEOL JSM-6300 scanning microscope equipped with Energy-dispersive X-ray 
spectroscopy (EDS) at 20 kV. TEM images were recorded with JEOL 1200, at the Research 
Support Service Center (SCAI) from University of Cordoba. Prior to the recording, samples 
were prepared by suspension in EtOH, assisted by sonication and followed by deposition 
on a copper grid. The magnetic susceptibility was evaluated at room temperature and at 
low frequency (470 Hz), employing a Bartington MS-2 instrument. The reaction products 
were identified using GC (7890A)-MS (5975D inert MSD with Triple-Axis Detector) Agilent 
equipped with a capillary column HP-5MS (60 m x 0.32 mm), at the Research Support 
Service Center (SCAI) from University of Cordoba. Helium was used as a carrier gas. 
Quantitatively analysis were determined using GC (Agilent 7890 A) employing a FID and a 
PetrolTM DH column (100 m×0.25 mm×0.50 μm). The carrier gas used was N2. 
CEM-Discover (CEM Corporation Matthews, NC, USA) microwave reactor was 
employed to perform the synthesis of the MMN and the hydrogenolysis of BFE. For the 
synthesis of MMN, the metallic precursor NiCl2, EtOH and EG were added in a 10 mL 
microwave tube at room temperature. The mixture was irradiated with microwaves at 
different times between 5-60 mins in the 180-250°C temperature range using a temp. 
ramp of 1 minute.  The precipitate was recovered with a magnet, washed with ethanol (5 
mL) and acetone (5 mL) and oven dried (100°C). For the hydrogenolysis of BFE, BFE (25 
mg) were added to isopropanol (0,5 mL) and catalysts (7% wt). The reaction was irradiated 
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with microwaves at different times between 5-45 mins at 230°C using a temp. ramp of 1 
minute. 
 
Table S1 - EDS analysis of the surface of MWs metallic Nickel 
Element Wt% Wt% Sigma Atomic % 
C 3.72 0.17 15.69 
O 0.45 0.04 1.41 
Cl 0.19 0.02 0.27 
Ni 95.65 0.17 82.63 
Total: 100.00  100.00 
 
 
Figure S1 - Image of the magnetic metallic Nickel precipitate 
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Table S2 - Most relevant trials 
[Ni2+] (mol L-1) Reaction time (min) Temperature (°C) Mixture composition (EG Xi) yield (%) 
Increasing reaction time    
0,031 1 200 0,904 0 
0,031 3 200 0,904 0 
0,031 5 200 0,904 undetectable* 
0,031 10 200 0,904 undetectable* 
0,031 30 200 0,904 22 
0,031 20 200 0,904 24 
0,031 60 200 0,904 30 
Varying mixture composition    
0,031 5 150 0,000 0 
0,031 5 150 0,610 0 
0,031 5 200 0,807 0 
0,031 5 200 0,846 20 
0,031 5 200 0,865 9 
0,031 5 200 0,884 undetectable* 
0,031 5 200 0,904 undetectable* 
0,309 5 200 0,923 undetectable* 
0,031 5 200 0,962 undetectable* 
0,031 5 200 0,970 undetectable* 
0,031 5 200 0,981 0 
0,031 5 200 1,000 0 
0,031 5 230 1,000 0 
Increasing reaction temperature    
0,031 5 150 0,904 0 
0,310 5 170 0,904 0 
0,031 5 180 0,904 undetectable* 
0,031 5 200 0,904 undetectable* 
0,031 5 220 0,904 26 
0,031 5 230 0,904 34 
0,031 5 240 0,904 44 
0,031 5 250 0,904 71 
Increasing metal precursor concentration   
0,008 20 210 0,904 undetectable* 
0,017 20 210 0,904 undetectable* 
0,023 20 210 0,904 undetectable* 
0,031 20 210 0,904 undetectable* 
0,072 20 210 0,904 8 
0,110 20 210 0,904 6 
0,182 20 210 0,904 4 
0,312 20 210 0,904 0 
0,471 20 210 0,904 0 
0,772 20 230 0,904 0 
*the precipitate consisted of a fine magnetic powder, which was impossible to properly weight 
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Figure S2 - GC-MS analysis of 1,3-Dioxolane-2-methanol 
 
 
Table S3 - BPE hydrogenolysis with MWs Metallic Ni and commercially available 5% Pd/C  
Catalyst Time (min) 
BFE conversion 
(%) 
Toluene 
selectivity (%) 
Phenol selectivity (%) 
MMN 5 2 12 40 
MMN 15 12 18 46 
MMN 30 17 19 44  
MMN 45 24 15 44  
5%Pd/C 45 43 24 56  
MMN* 45 21 22 43  
* reused 5 cycles 
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Despite each article presents a conclusion section, it is possible to combine the obtained 
results in order to track general outcomes and perspectives of the PhD Thesis: 
• Microwave-assisted technique has been demonstrated to be more efficient 
than conventional heating methods for the preparation of nanoparticles, 
specifically metallic Ni nanoparticles as well as Cu2S nanocomposites. In fact, 
the microwave-assisted synthesis has been proved to reduce the reaction time 
and improve some morphological characteristics of the nanoparticles (e.g., 
reduced size dimension and homogeneity of the composites samples). The 
successful exploitation of the reported procedures could lead to the 
preparation of similar compounds (e.g., metallic Co or other Chalcogenides 
compounds) with captivating applications. 
 
• As well established in the bibliography, the utilization of ethylene glycol has 
been confirmed to be highly useful to achieve uniform heating and therefore 
good-size distribution of the nanodimensional systems due to the high 
microwave adsorption properties. Also, the high viscosity characteristics of 
ethylene glycol have been demonstrated to slow down the deposition of the 
materials in the formation of the composites (i.e. Cu2S-carbon). These 
achievements could be useful in the microwave-assisted preparation of other 
composites materials where the different densities entail limits. 
 
• Thanks to the microwave selective heating of the metallic centres of the 
nanocatalysts, it has been possible to enhance the yields of selected reactions, 
including the cycloisomerization of propargylic ureas and the hydrogenolysis of 
benzyl phenyl ether, by using low microwave adsorption solvents (e.g., 
acetonitrile and toluene). 
 
• The microwave-assisted preparation of supported gold and silver nanoparticles 
has been proved to be extremely rapid if carried out in a microwave oven. 
However, compared to a solvent less mechanochemistry approach, the 
microwave-assisted technique produces materials having slightly less catalytic 
activity in the cycloisomerization of propargyl ureas. These results specifically 
Conclusions and perspectives 
 
 
 
160 
 
highlight that in some reactions is better to support the metallic centres 
external to the SBA-15 channels, i.e. via mechanochemical approach, while in 
others the presence of metals inside the porous channel may be a winning 
strategy. Consequently, the morphological characteristics of the nanoparticles 
synthesized by microwave-assisted approaches should always be considered 
when designing catalysts for specific reactions. 
 
• The microwave-heating of water has been proved to promote the reaction of 
cycloisomerization of propargyl ureas having electron-donor compounds in the 
structure. The exploitation of this phenomenon could lead to the efficient 
promotion of other similar reactions avoiding the use of catalysts and organic 
solvents. 
 
• In general, the microwave-assisted synthesis of nanoparticles has been 
demonstrated to be still poorly developed to be efficiently scaled up. However, 
the effort in the development of easy, highly reproducible, fast and low toxicity 
procedures as well as the shifting to multimode microwave oven, i.e. Ethos 
Microwave from Milestones Srl, from monomode ovens, i.e. Discovery 
Microwave from CEM Corp., may track possible pilot scale up of the synthesis 
(multigram quantities). 
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English 
MICROWAVE-ASSISTED SYNTHESIS OF NANOCATALYSTS IN BATCH 
CONDITIONS 
The development of intensified processes for the preparation of novel 
catalytically active nanodimensional materials is a captivating challenge getting more 
attention day-by-day.1, 2 In fact, nanoparticle systems offer the possibility of combining 
the high activity of homogenous catalysts with the better recoverability of heterogeneous 
ones, opening to unlimited application in the chemical industry. The microwave-assisted 
technique – recognized as one of the most innovative methods for process intensification 
–  makes it possible to both synthesize and test new nanocatalysts exploiting the unique 
characteristics of microwave heating. These characteristics include reduced reaction 
times, minimized (or suppressed) side reactions, highly reproducibility, enhanced yields 
and selectivity as well as selective heating and magnetic loss heating.3-5 
The PhD thesis presented has been developed thanks to the experience of the 
research group FQM-383 (NanoVal) in nanoscale chemistry, heterogeneous catalysis and 
waste/biomass valorization. More in details, the research studies of the PhD thesis 
demonstrated the potentiality of microwave-assisted techniques for the development of 
efficient nanocatalytic systems specifically designed for photochemical applications, fine 
chemical synthesis and biofuel production.6-10 
Most important results obtained during the PhD Thesis have been described in 
three research articles. In addition, a comprehensive minireview has been included in the 
introduction section in order to highlight the primary importance of nanocatalysts for the 
production of biofuels. 
The first research article, “Microwave-assisted valorization of pig bristles: 
towards visible light photocatalytic chalcocite composites”, discloses the preparation of 
nano-Cu2S carbon composites via a fast and low-toxicity microwave-assisted method.11 
The synthesis was carried out employing ethylene glycol as solvent, copper chloride as 
metal precursor and waste pig bristles as sulfur and carbon source, avoiding the use of 
any toxic sulfur precursor (e.g. H2S, thiourea). The high microwave adsorption and high 
viscosity of ethylene glycol allowed for the preparation of homogeneous Cu2S carbon 
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composites within a few minutes (4 minutes at 200°C operating in a multimode 
microwave oven). By contrast, conventional heating needed longer reaction times and 
formed inhomogeneous, low-active Cu2S carbon material. The so-produced composite 
has been characterized by X-ray diffraction (XRD), nitrogen physisorption (BET model), 
scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDX) and UV-
Vis spectroscopy. Cu2S carbon composite has been successfully used for the photo 
degradation of methyl red, a common pollutant dye, under visible LED light irradiation, 
leading to ca. 40% of degradation within 3 hours. 
In the second research article, “Heterogeneously Catalyzed Synthesis of 
Imidazolones via Cycloisomerizations of Propargylic Ureas Using Ag and Au/Al SBA-15 
Systems”, a study of environmentally friendly paths for the cycloisomerization of 
propargylic ureas has been explored.12 Specifically, different nanogold and nanosilver 
catalsyts have been prepared by supporting the metal nanoparticles over mesoporous 
silica (AlSBA-15) through mechanochemistry and microwave-assisted approaches. The 
catalysts have been used as heterogeneous systems in the microwave assisted synthesis 
of a library of imidazolones via a sequential study aimed to shift the reaction to greener 
operative conditions. The employed systems avoided the utilization of strong bases, such 
as NaOH, or expensive homogeneous metal catalysts. The best conditions have been 
combined in order to catalyse the cycloisomerization of propargyl ureas using only water 
as solvent and promoter of the reaction. The results demonstrated that the selected 
solvent highly influenced the reactions, where toluene promoted N-cyclization reactions, 
ethanol favoured the cyclization of propargylic ureas characterized by more electron 
withdrawing groups and water favoured the cyclization of propargylic ureas containing 
electron donor compounds in the structure. 
The third research article, “Efficient and Environmentally Friendly Microwave-
Assisted Synthesis of Catalytically Active Magnetic Metallic Ni Nanoparticles” describes 
the preparation of pure magnetic metallic nickel by a simple and fast microwave-assisted 
method using a monomode microwave reactor (CEM Discover, CEM Corp.).13 The 
synthesis has been carried out using nickel chloride as metal precursor and a mixture of 
ethylene glycol and ethanol (or isopropanol) as solvent and reducing agent. A fine study 
carried out varying the molar ratio of ethylene glycol and ethanol in function of the 
reaction temperature has highlighted the reaction conditions where the reduction of 
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nickel occurred.  The best performance (71% yield) has been achieved operating at 250°C 
for 5 minutes under microwave irradiation. The mechanism of reaction for oxidation of 
ethylene glycol and reduction of Ni2+ has been demonstrated by gas chromatography–
mass spectrometry (GC-MS) analysis, while the behaviour of the mixture and its bubble 
point in function of the recorder pressure has been simulated by PRO/II software 
(Schneider Electric Group). The nanoparticles have been analysed by X-ray diffraction 
(XRD), scanning emission microscopy (SEM), transmission electron microscopy (TEM) and 
magnetic mass susceptibility. The surface area has been determined by nitrogen 
physisorption (BET model). The nanoparticles have showed good activity in the 
hydrogenolysis of benzyl phenyl ether (BPE), a lignin model compound, with a maximum 
conversion of 24%, and reusability up to 5 cycles without sensible loss of activity. 
  
Summary 
 
 
 
166 
 
  
Summary 
 
  
 
167 
 
Spanish 
SÍNTESIS DE NANOPARTICULAS ASISTIDA POR MICROONDAS EN CONDICIONES 
BATCH 
El desarrollo de procesos destinado a la preparación de nuevos materiales con 
dimensiones nanométricas y, a su vez, catalíticamente activos, es un desafío fascinante 
que llama cada vez más la atención1, 2. De hecho, los sistemas compuestos de 
nanopartículas ofrecen la posibilidad de combinar la alta actividad de los catalizadores 
homogéneos con la mejor capacidad de recuperación de los heterogéneos, ofreciendo de 
esta manera un número ilimitado de aplicaciones en la industria química. La técnica 
asistida por microondas, reconocida como uno de los métodos más innovadores para la 
intensificación de procesos, permite sintetizar y probar nuevos nanocatalizadores que 
exploten las características únicas del calentamiento por microondas. Estas 
características incluyen tiempos de reacción reducidos, reacciones secundarias 
minimizadas (o suprimidas), alta reproducibilidad, rendimientos y selectividad 
mejorados, así como calentamiento selectivo y calentamiento por pérdida magnética.3-5 
La presente tesis doctoral se ha desarrollado gracias a la experiencia del grupo 
de investigación FQM-383 (NanoVal) en química a nanoescala, catálisis heterogénea y 
valorización de residuos/biomasa. Más en detalle, los estudios de investigación de la tesis 
doctoral demostraron la potencialidad de las técnicas asistidas por microondas para el 
desarrollo de sistemas nanocatalíticos eficientes diseñados específicamente para 
aplicaciones fotoquímicas, síntesis química fina y producción de biocombustibles.6-10 
Los resultados más importantes obtenidos durante la tesis doctoral se han 
descrito en tres artículos de investigación. Además, en la sección de introducción, un 
apartado va dedicado a resaltar la gran importancia de los nanocatalizadores en la 
producción de biocombustibles. 
El primer artículo de investigación, Microwave-assisted valorization of pig 
bristles: towards visible light photocatalytic chalcocite composites”, describe la 
preparación de compuestos nano-Cu2S de carbono mediante un método asistido por 
microondas rápido y de baja toxicidad.11 La síntesis se llevó a cabo empleando etilenglicol 
como disolvente, cloruro de cobre como precursor de metal y pelos de cerdo de desecho 
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como fuente de azufre y carbono, evitando el uso de cualquier precursor de azufre tóxico 
(por ejemplo, H2S, tiourea). La alta adsorción por microondas y la alta viscosidad del 
etilenglicol permitieron la preparación de compuestos de carbono Cu2S homogéneos en 
pocos minutos (4 minutos a 200 ° C trabajando en un horno de microondas multimodo). 
Por el contrario, el calentamiento convencional necesitó tiempos de reacción más largos, 
dando como resultado un material de carbono Cu2S poco homogéneo y poco activo. El 
compuesto así producido se ha caracterizado por difracción de rayos X (XRD), fisisorción 
de nitrógeno (modelo BET), microscopía electrónica de barrido / espectroscopía de rayos 
X dispersiva de energía (SEM-EDX) y espectroscopía UV-Vis. El compuesto de carbono 
Cu2S se ha utilizado con éxito para la foto degradación del rojo de metilo, un colorante 
contaminante común, bajo irradiación de luz LED visible, que conduce a ca. 40% de 
degradación en 3 horas. 
En el segundo artículo de investigación, “Heterogeneously Catalyzed Synthesis 
of Imidazolones via Cycloisomerizations of Propargylic Ureas Using Ag and Au/Al SBA-15 
Systems”, se han estudiado diversos caminos ecológicos para la cicloisomerización de 
ureas propargílicas12. Específicamente, diferentes nanocatalizadores de oro y plata se han 
preparado soportando las nanopartículas metálicas sobre sílice mesoporosa (AlSBA-15) 
utilizando mecanoquímica y radiación microondas. Los catalizadores se han utilizado 
como sistemas heterogéneos en la síntesis asistida por microondas de una biblioteca de 
imidazolonas a través de un estudio secuencial destinado a cambiar la reacción a 
condiciones operativas más ecológicas. Los sistemas empleados evitaron la utilización de 
bases fuertes, como NaOH, o catalizadores metálicos homogéneos y caros. Las mejores 
condiciones se han combinado para catalizar la cicloisomerización de las propargilureas 
utilizando solo agua como disolvente y promotor de la reacción. Los resultados 
demostraron que el disolvente seleccionado tiene una gran influencia en las reacciones, 
en concreto el tolueno promovió las reacciones de N-ciclación, el etanol favoreció la 
ciclación de las ureas propargílicas caracterizadas por más grupos de extracción de 
electrones y el agua favoreció la ciclación de la urea propargílica que contiene 
compuestos donadores de electrones en la estructura. 
El tercer artículo de investigación, “Efficient and Environmentally Friendly 
Microwave-Assisted Synthesis of Catalytically Active Magnetic Metallic Ni Nanoparticles” 
describe la preparación de níquel metálico y magnético mediante un método simple y 
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rápido asistido por microondas utilizando un reactor monomodo (CEM Discover, CEM 
Corp .) 13 La síntesis se ha llevado a cabo utilizando cloruro de níquel como precursor 
metálico y una mezcla de etilenglicol y etanol (o isopropanol) como disolvente y agente 
reductor. Un buen estudio llevado a cabo variando la relación molar de etilenglicol y 
etanol en función de la temperatura de reacción ha llevado a las condiciones de reacción 
donde se produjo la reducción de níquel. El mejor rendimiento (71%) se ha logrado 
operando a 250 ° C durante 5 minutos bajo irradiación de microondas. El mecanismo de 
reacción para la oxidación de etilenglicol y la reducción de Ni2 + se ha demostrado 
mediante el análisis de cromatografía de gases-espectrometría de masas (GC-MS), 
mientras que el comportamiento de la mezcla y su punto de burbuja en función de la 
presión del registrador se ha simulado con PRO/II software (Grupo Schneider Electric). Las 
nanopartículas han sido analizadas por difracción de rayos X (XRD), microscopía de 
emisión de barrido (SEM), microscopía electrónica de transmisión (TEM) y susceptibilidad 
de masa magnética. El área superficial ha sido determinada por la fisisorción de nitrógeno 
(modelo BET). Las nanopartículas han mostrado una buena actividad en la hidrogenolisis 
del bencil fenil éter (BPE), un compuesto modelo de lignina, con una conversión máxima 
del 24%, y reutilización de hasta 5 ciclos sin aparente pérdida de actividad. 
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Characterization 
XRD 
X-ray powder diffraction (XRD) is one of the most important technique for the 
analysis of solid crystals. It’s a powerful non-destructive analysis that gives information 
about the crystalline nature, the chemical composition and the physical proprieties of a 
material. It is based on the analysis of the diffraction pattern of a sample hit by an X-ray 
bundle, as a function of the incidence angle, the polarization and the incident energy. 
Interaction between X-Ray and crystals: the atoms (neutral or ionized) of a 
crystal are arranged in a long-rage orderly periodic array, defined by the repetition of the 
unit cell (the basic repeating unit), as shown in Figure 1-A. The unit cell is defined by the 
crystal system (shape) and the lattice parameters (size). The energy minimization in the 
atomic structure (and therefore in the unit cell) defines the symmetry and the symmetry 
elements of the crystal structure (cubic, tetragonal, hexagonal, rhombohedral, 
orthorhombic, monoclinic, triclinic). On the other hand, the planes between atoms are 
described by the Miller indices (hkl), as illustrated in Figure 1-B. The vector normal to (hkl) 
is denoted as dhkl. When X-ray irradiation (having a wavelength similar to the distance 
between atoms) hits a crystal, the scattering of X-rays from atoms generates a diffraction 
pattern. Clearly, when the atoms are not arranged in periodic arrays with long-range 
order, no diffraction is possible (amorphous material). The constructive diffraction 
generated from the scattering of X-Ray and the planes of atoms is related to the 
diffraction angle 2θ thanks to the Bragg’s equation (n is an integer number, while λ is the 
X-Ray wavelength, normally fixed), as shown in Figure 1-C: 
 
𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 
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Figure 1. A) A-Unit cell (left) and crystal structure (right); B) Examples of Miller indices in a cubic 
crystals; C) Bragg’s las for X-Ray diffraction. 
 
When the X-Ray hits the crystal, the ray are scattered in a sphere around the 
sample and each cone along the sphere corresponds to a single Bragg angle 2θ, as shown 
in Figure 2-A. In this PhD thesis, the XRD patterns were recorded using a Bragg-Brentano 
diffractometer. In the Bragg-Brentano geometry, the diffraction vector is always normal 
to the surface of the sample while the incident angle (ω) is defined between the X-Ray 
source and the sample.  The linear diffraction pattern is formed as the detector scans 
through an arc that intersects each Debye ring at a single point, giving the appearance of 
a discrete diffraction peak, which intensity depends on the arrangement of atoms in the 
entire crystal (Figure 2-B). Each peak could be assigned to a different plane. The 
diffraction angle, 2θ, is defined between the incident beam and the detector (Figure 2-
C). 
 
 
A B 
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Figure 2. A) Debye cones generated by X-Ray scattering; B) Example of a linear diffraction 
pattern; C) Scheme of a Bragg-Brentano diffractometer. 
 
A single crystal specimen in a Bragg-Brentano diffractometer would produce only 
one family of peaks in the diffraction pattern, while polycrystalline sample should contain 
thousands of crystallites, therefore all possible diffraction peaks could be observed. More 
in details, XRD analysis found its basis in the random orientation of crystals (and the 
crystal lattice) in the space. The experimental patterns are sequentially analysed and 
investigated in order to demine the position and relative intensity of the peaks to match 
experimental data to the reference patterns in the database. 
Experimental methodology: The powder X-ray diﬀraction (XRD) patterns were 
recorded using a Bruker D8 DISCOVER A25 diﬀractometer (PANalytical/Philips, Lelyweg, 
Netherlands) using CuKα (λ = 1.5418 Å) radiation. Wide angle scanning patterns were 
obtained over a 2θ range from 10° to 80° with a step size of 0.018° and a counting time 
of 5 s per step. The data were analysed using Xpert High Score Plus software (PANalytical 
PANalytical/Philips, Lelyweg, Almelo, the Netherlands).  
A B 
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Surface area and porosity measurements (BET) 
The Brunauer-Emmet-Teller (BET) analysis is a useful technique for the 
determination of the surface area and porosity of a sample. It is based on the physical 
adsorption (and desorption) of a gas on a solid surface at its condensation temperature  
Gas-solid interaction. Due to their intrinsic characteristics (low enthalpy of 
adsorption; no disruptive changes; no activation energy; reversibility), gas physical 
adsorption processes can be exploited for the determination of surface area and porosity 
of a sample. In fact, around eighty years ago, Brunauer, Emmett and Teller firstly 
described a model for the quantification of the physio-adsorbed gas on a surface. The 
model is based on Van der Walls gas-solid interactions, and it states that at fixed 
temperature, varying the gas pressure, it is possible to measure the molar quantity of a 
physio-adsorbed gas. More in details, the BET model is based on a sequence of hypothesis 
including: localized adsorption of the gas; equivalently of surface sites; absence of lateral 
interactions between successively adsorbed gas molecules as well as absence of 
interactions between layers; absence of limits in the number of adsorbed layers and 
assumption of liquid nature of the adsorbed molecules from the second layers onwards. 
When these hypothesis are satisfied, it is possible to calculate the volume occupied by a 
monolayer of the gas adsorbed (V) divided by the gas volume corresponding to the 
monolayer formation (Vm): 
𝑉
𝑉𝑚
=
𝐶
𝑝
𝑝°
(1 −
𝑝
𝑝°) ∙ [1 +
(𝐶 − 1)
𝑝
𝑝°]
 
Where p is the measured pressure, p° is the gas saturation pressure and C is a gas-surface 
interaction constant. 
Linearizing the previous equation, it is possible to calculate: 
 
𝑝
𝑉(𝑝 − 𝑝°)
=
1
𝑉𝑚𝐶
+
(𝐶 − 1)
𝑉𝑚𝐶
𝑝
𝑝°
 
 
By plotting 
𝑝
𝑉(𝑝−𝑝°)
 vs 
𝑝
𝑝°
, a straight line can be obtained, from which it is possible to 
determine C and Vm. Vm is the parameter used to determine the specific surface area while 
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C gives information about the gas behavior. When C >> 1, the gas-solid affinity is greater 
than the gas-gas one and Vm  has physical meaning. When C << 1, Vm has no physical 
meaning. Furthermore, BET analysis can be considered acceptable when p/(p°) is 
comprised between 0.05 and 0.35 (for lower relative pressures, BET underestimates the 
adsorption).  
Knowing Vm, it is possible to estimate the value of the surface area of one sample, using 
the expression reported in the equation below: 
 
𝑆 =
𝑉𝑚 𝑁𝐴𝑣 𝐴
22.414
∙ 10−19 
 
Where A = 16.2 Å2 when nitrogen is used (it is the surface area occupied by a N2 molecule). 
By dividing A with the mass of the substance (reported in grams), the specific surface area 
value can be obtained.  
Normally, the measure is carried out at 77 K and 1 atm pressure. The volume of the 
adsorbed gas is reported at standard temperature and pressure conditions (0 °C and 760 
torr), while the pressure is expressed as relative pressure, (actual pressure divided by the 
vapor pressure po of the adsorbing gas). The BET analysis give as results isotherms having 
six different possible forms.  The six types of isotherms are characteristics of 
micropourous (type I), non porous or macroporous (type II, III and IV), or mesoporous 
(type IV and V) materials (Figure 3). According to IUPAC the classes of porous materials 
are divided as follow: microporous, having the pore diameters <2 nm; mesoporous, 
having pore diameter 2-50 nm and microporous, with pore diameter >50 nm. 
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Figure 3. Different types of isotherms. 
 
The shape of the hysteresis can also give information related to the type of pores (Figure 
4):  
• H1 loop: porous agglomerates with narrow distribution of pore size. 
• H2 loop: often attributed to differences in the adsorption and desorption 
mechanism happening in the presence of pores with a particular shape. They 
show narrow necks and wide bodies, and hence they are called “ink-bottle 
pores” or “bottle-neck pores”. 
• H3 loop: aggregates of plate-like particles, forming slit-shaped pores. 
• H4 loop: attributed to slit-like pores (when the isotherm is of type I, there is 
microporosity). 
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Figure 4. Shapes of hysteresis loop. 
 
Experimental methodology: BET superficial areas BET and pore volumes were 
calculated by N2 adsorption/desorption isotherms (conducted at 77 K) using an 
automotive analyzer, Micromeritics ASAP 2000 (Micrometrics Instrument Corp., 
Norcross, USA). The distribution of pore volume was calculated using the part relative to 
the adsorption of the N2 adsorption/desorption isotherm, according to Barret, Joyner and 
Halenda’ method (BJH). 
 
SEM-EDS and TEM 
Scanning Electron Microscopy (SEM) and Transmission electron microscopes 
(TEM) images give information related to the surface morphology and composition of an 
analysed material. The EM (electron microscopy) techniques use a bundle of electrons 
accelerated in vacuum, having high energy, hitting the sample and generating signals. 
Reflexes (SEM) or transmitted (TEM) electrons bundles are channelled in a cathode tube 
where they bump into another bundle of electrons, generating an image. When equipped 
with X-Ray detector (EDX or EDS, Energy Dispersive X-ray Analysis), it is possible to acquire 
spectra of elemental composition of selected point the surface of the analysed material.  
Interaction between electron beam and analysed sample: in a EM microscope, 
the electron beam is firstly generated by accelerating and focusing electrons through a 
sequence of lenses and apertures. Sequentially, the electron beam hits the sample, which 
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is mounted in a vacuum chamber (in order to avoid, as much as possible, interferences 
with gases and volatile particles), generating a multitude of signals (electrons and 
photons), as shown in Figure 5. Many of them, are produced as consequence of the 
interaction of the beam inside the material (e.g. secondary electrons and X-Ray). The 
volume inside the sample in which interactions occur while interacting with the electron 
beam depends on several factors including the atomic number of the material (the higher 
atomic number the lower the interaction volume), the accelerating voltage (the higher 
the voltage, the higher the larger the interaction volume) and the angle of incidence for 
the electron beam (the greater the angle, the smaller the interaction volume). Different 
detectors collect the signal which is consecutively converted into images. The maximum 
resolution obtainable in a EM microscope is determined by different factors (e.g. the 
electron spot size or the interaction volume). On the other side, TEM images are recorder 
with the electrons passing through an ultrathin sample. TEM images give structural 
information at the highest possible resolution. As it goes through objects it can also give 
you information about internal structures, which SEM cannot provide. 
 
 
Figure 5. Electron beam- solid interaction. 
TEM images are collected with transmitted electrons while SEM images are 
collected by sweeping the electron beam across the sample and recording the electrons 
that bounce back Figure 6.  
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Figure 6. Interaction of electrons with the irradiated surface. 
 
Experimental methodology: SEM images were recorded with a JEOL JSM-6300 
scanning microscope (JEOL Ltd, Peabody, MA, USA) equipped with energy-dispersive X-
ray spectroscopy (EDX) at 15 kV , while TEM images where recorded with JEOL 1200 (JEOL 
Ltd, Peabody, MA, USA),at the Research Support Service Centre (SCAI) at the University 
of Cordoba.  
 
GC and GC-MS 
Gas chromatography (GC) and Gas chromatography–mass spectrometry (GC-MS) 
are analytical method used to separate complex mixtures, to quantify analytes, and to 
determine trace levels of organic contamination. Specifically, GC is the separation 
technique for small and volatile molecules (e.g. benzenes, alcohols and aromatics, and 
simple molecules such as steroids, fatty acids and hormones). GC analysis can be applied 
towards the study of liquid, gaseous and solid samples. When combined with MS, in the 
so-called GC-MS, it is possible to determine the m/z ratios of the separated analysed 
samples. 
Gas separation processes. In a GC equipment, the sample is firstly volatized. The 
vaporized sample (the gas phase) is sequentially separated in its various components 
using a capillary column packed with a stationary (solid) phase. The compounds are 
propelled by an inert carrier gas such as argon, helium or nitrogen. As the components 
become separated, they elute from the column at different times, which is generally 
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referred to as their retention times. Once the components leave the GC column, they are 
ionized using electron or chemical ionization sources. In the case of GC-FID, an 
hydrogen/air flame oxidises organic molecules and produces electrically charged particles 
(ions) which are collected and produce an electrical signal which is then measured. In the 
case of GC-MS, the mass spectrometer ionize the molecules that are then accelerated 
through the instrument’s mass analyser, which quite often is a quadrupole or ion trap. 
Ions are therefore separated based on their different mass-to-charge (m/z) ratios. The 
signal produced by the GC and GC-MS equipment, is a spectrum giving relative abundance 
vs elution time. Peak are proportional to the quantity of the corresponding compound 
and can give information related to yield and selectivity of a reaction when an opportune 
standard (internal or external). In the case of GC-MS spectra, each peak correspond to a 
function of their m/z ratios (giving a mass spectrum). Using computer libraries of mass 
spectra for different compounds, it is possible to identify and quantitate unknown 
compounds and analytes. 
Experimental methodology: GC-MS analysis were carried out using a GC 
(7890A)-MS (5975D inert MSD with Triple-Axis Detector) Agilent (Agilent Technologies 
Inc., CA, USA) equipped with a capillary column HP-5MS (60 m x 0.32 mm), at the Research 
Support Service Centre (SCAI) from the University of Cordoba. Helium was used as a 
carrier gas. Quantitatively analysis were determined using GC (Agilent 7890 A) employing 
a FID and a PetrolTM DH column (100 m×0.25 mm×0.50 μm). Nitrogen was used as carrier 
gas. 
 
UV-Vis 
The UV/Vis spectroscopy (ca. 190-700 nm) is an instrumental technique for the 
qualitative and quantitative determination of different compounds including transition 
metals, conjugates organic compounds and biological molecules. 
Adsorbing the light. The adsorption of visible or UV radiations by a molecule (M) 
can be considered as a two steps process. In the first step, the electrons adsorbs the 
radiation and are excited (M+hv gives M*). Specifically, considering organic compounds, 
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the electrons are promoted from the molecular orbitals of fundamental states to the ones 
of the exited states. In the case of inorganic compounds (in general ions and complexes 
of ions belonging to the first two series of transition metals), the absorbance of UV-Vis 
radiation implies transition between filled and empty d orbitals. Those transitions are 
possible if the molecule/compound is irradiated with a radiation which energy equals to 
the difference between the states and (in case of organic molecules) if in the transition 
gives rise to a strong change of the symmetry of the molecular orbitals. The absorption of 
UV-Vis light irradiation is limited to organic compounds possessing chromophores in their 
structures (functional groups having valence electrons that can be exited with relatively 
little energy). In the second step, M* (having a short life 10-8 to 10-9 s) relaxes and goes 
back to the initial state, by thermal emission, M* decomposition (photoreaction) of 
through emission of radiation (fluorescent of phosphorescent). If the emission of the 
radiation is detected and elaborated, it is possible to obtain UV-vis absorption spectra. 
The absorption spectrum of a molecule containing chromophores is generally complex 
due to the fact that the overlapping of the transitions of the vibro-rotational levels give a 
combination of overlapped lines. As a result, the spectra UV/Vis appear as a continuous 
absorption band. In the case of semiconductor material, the UV-Vis spectrum can be used 
to calculate the band gaps of by plotting the graph between αhυ2 vs photon energy (hv) 
(direct band gap) or αhυ1/2 vs photon energy (hν)(indirect band gap). 
Experimental methodology: UV visible (UV-vis) absorption spectra were 
recorded using a Lambda 365 UV-Vis spectrophotometer (PerkinElmer, Waltham, MA, 
USA).  
 
NMR 
The Nuclear Magnetic Resonance Spectroscopy (NMR) is an analytical technique 
for the determination of the molecular structure of a sample as well as its content and its 
purity. NMR spectra can be used to match against libraries or to directly determine the 
basic chemical structure of a compound. 
Recording the spectra. NMR technique can be used only with nuclei having a 
spin quantum number (I) greater than zero. Those nuclei can be imagined as small 
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magnets that, after rotation, generate a magnetic dipole, which module is the magnetic 
nuclear µ. Without applying an external magnetic field, the nuclei are randomly oriented. 
Oppositely, when an external magnetic field is applied, the nuclei tend to align to it. 
Regarding the chemical analysis, the most important nuclei are 1H and 13C, having I equal 
to ½. The number of possible rotations which a nuclei can adapt depends on I, and equals 
to 2I+1. As a result, the nuclei having I=1/2 have two possible orientations, associated to 
two different energy levels (specifically, the orientation having direction parallel to the 
magnetic field will be associated to the lower energy level, which will be the most 
populated). The energy difference between the spin states depends on the applied 
magnetic field and on the nuclear magnetic moment. More in details, Larmor’s frequency 
gives the energy necessary to promote a transition from two energy levels: 
=B0/hI 
 is the frequency,  the magnetic nuclear moment, B0 the intensity of th emagnetic field, 
h Planck’s constant and I the spin quantic number. The higher the magnetic field, the 
higher the difference between the energy levels, the higher the frequency necessary to 
promote the transition between the energy levels. 
An NMR experiment consists in applying a radiation that will promote the transition from 
a low energy level to a higher energy level in the nuclei. The energetical difference 
between the spin orientations depends on the specific position assumed by the atom in 
the molecule. This because each nucleus is subjected to the effect of the magnetic field 
on the neighbour nuclei. These energetical differences are detectable and recordable, 
giving important information of the positions of the nuclei in the molecule. 
The experiment is practically carried out by putting a solution of the sample in a small 
glass tube between the poles of a magnet. The samples is sequentially irradiated with the 
radiofrequencies in the desired interval (e.g. covering the frequencies of the 1H 
adsorption) keeping a constant magnetic field, in order to let the protons adsorb at their 
single frequencies. The interpretation of the frequencies produces an interferogram that 
is difficult to comprehend. However, thanks to the Fourier transformation, it is possible 
to transform it into a spectrum showing the adsorption vs the applied frequencies. Firstly, 
the nuclei are irradiated with extremely short pulses of radiation (s). Sequentially, the 
exited nuclei go back to the fundamental state emitting the radiation they have adsorbed 
and the pulse cannot be repeated until the fundamental state is enough populated 
Annex I: Materials and Methods 
 
  
 
203 
 
(otherwise no radiation will be adsorbed). The process of returning to fundamental state 
is known as “relaxation” and can happen trough different mechanism. In the FT-NMR the 
pulses are frequently repeated (0,1-1 s) depending on the relaxation time of the nuclei, 
in order to record an elevated number of spectra, which can be sum in a few minutes. 
This technique functions well with low sensible nuclei (low nuclear magnetic moment) 
and which are low abundant in nature (i.e. 13C). An NMR spectrum is a graph reporting 
the intensity of the peaks vs the frequencies. The frequency is conventionally reported 
decreasing from left to right. The position of a peak is normally reported compared with 
a standard peak (e.g. tetramethylsilane, TMS) whose protons are all equivalent and 
resound at high field compared with most of organic compounds. In order to better 
analyse the spectrum, the ppm () are normally used. ppm can be obtained by dividing 
the band position respect to TMS (-TMS), i.e. the chemical shift, with the absolute 
frequency of the spectrum () and by multiply by 106. The chemical shifts are 
consequences of the fact that each nucleus, in a different environment, experiment 
different local magnetic fields, derived from the electron circulation in the neighbour 
bonds. Consequently, it is necessary to apply a different magnetic field to discriminate 
the different nuclei (different nuclei have different resonance frequencies). In an organic 
molecule, nuclei that are chemically close each one (max distance three chemical bonds) 
can give spin coupling effect, in which the adsorption bands, are splitted into multiple 
bands due to the interaction with neighbour nuclei. The distance between the band is 
called coupling constant (J). Remarkably, the coupling constant is generally smaller than 
chemical shift and is independent from the applied magnetic field. 
Experimental methodology: 1H (400MHz or 600 MHz), 13C (100MHz) NMR 
spectra were recorded using a Bruker-Avance 400 or Mercury 400 (Bruker, MA, US). 1H 
NMR spectra were reported in parts per million (ppm) downfield relative to CDCl3 (7.26 
ppm) and all 13C NMR spectra were reported in ppm relative to CDCl3 (77.2 ppm). 
 
Microwave-assisted methods 
Microwave assisted techniques are based on the principles of microwave heating 
described in the introduction chapter. Microwave ovens for R&D purposes can be divided 
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into monomode (or single mode) and multimode reactor types. Monomode reactors have 
small compact cavities, in which microwave irradiation is directly focused on one single 
vessel containing the reaction mixture (where the electric and magnetic components 
have the highest intensities) (Figure 4-A). As a result, a high microwave field density is 
provided, resulting in exceedingly fast heating rates. As a drawback, the maximum 
applicable reaction volume in monomode reactors is normally 20 mL (only one sample 
per run), which makes them an ideal tool for optimizing chemical reactions on a small 
scale. On the contrary, multimode reactors have larger cavities in which the microwave 
field is distributed in a chaotic manner. In common multimode reactors the waves are 
reflected from the cavity walls and multiple modes of the electromagnetic waves interact 
with the cavity load (Figure 4-B). The homogeneity grade of distribution of the emitted 
radiation depends on the rate of stirring and rotation of the sample holders. Due to their 
larger size, these instruments can host different rotor types. In multimode microwave 
ovens is possible to run parallel reactions in a scale range from a 300 µL scale up to 
multigram synthesis in 100 mL reaction vessels (some models can host up to 25 vessels 
per run).  
 
 
Figure 4. A) Monomode microwave oven; B) Multimode microwave oven. 
 
Experimental methodology: Experiment in monomode microwave were carried 
out in a Discover CEM reactor (CEM Corp., Matthews, NC, USA). For experiment in 
multimode microwave, an Ethos One rector (Milestones Srl, Bergamo, Italy) was chosen. 
A B 
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Pro II software 
PRO II / Software (previously Invensys System Inc., now Schneider Electric, Rueil-
Malmaison, France) is a useful steady-state process simulator (process simulation) for 
process design and operational analysis for process engineer. It is possible to use the 
software to simulate the VLE (vapour liquid equilibrium) and the boiling points of mixture 
of compounds using different models (e.g. UNIFAC or UNIQUAC). For the estimation of 
the boiling point of the mixture of ethylene glycol and ethanol, the molecule were drawn 
with UNIFAC structures and fluxed in a flash drum. 
 
Photocatalytic activity 
The Lambert-Beer’s equation give information about the absorption of a solution 
respect to the concentration of the analysed specie: 
A=cl 
A is the absorption,  is the molar attenuation coefficient or absorptivity of the 
attenuating species, c is the concentration of the attenuating species and l the optical 
path length. If a sample adsorb radiation, the intensity of the incident light will be 
attenuated. A is directly proportional to the optical path length thanks to the molar 
attenuation coefficient, which depends on the specie and the incident wavelength. It is 
possible to plot the A vs the incident wavelength, obtaining a UV-vis spectrum of the 
analysed sample. In the case of the degradation of methyl red, it was possible to 
determine the grade of degradation by measuring the adsorption of the solution at fixed 
wavelength in function of the reaction time. 
Experimental methodology: UV-visible (UV-vis) absorption values were 
recorded using a Lambda 365 UV-Vis spectrophotometer at fixed 405 nm (PerkinElmer, 
Waltham, MA, USA). 
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